








EXHIBIT 11

A Graphical Tool for Selecting
a Salinity Standard
for San Francisco Bay and Delta
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August 30, 1991

MEMORANDUM
TO: Harry Seraydarian
FROM: Susan Hatfield

SUBJECT: San Francisco Estuary Program's technical workshop on
flows held at the Bay Conference Center, Tiburon, CA,
August 27-29, 1991.

Workshop participants included scientists selected for their
expertise in hydrodynamics, primary productivity and fisheries, as
well as representatives of agencies with decision-making authority
in the Estuary. In addition to participants from the San Francisco
Bay Area, scientists working in the Columbia River Estuary,
Chesapeake Bay and Long Island Sound were present. Agency
representatives were able to benefit from the first two days'
scientific discussion, and provided insight into the kinds of
information useful for decision-making on the last day of the
workshop.

The group's task was to identify and evaluate the scientific
validity of estuarine properties and phenomena to manage freshwater
inflows to protect the ecosystem of San Francisco Bay. The
position of the entrapment zone was first considered, but was
dropped in favor of salinity, as measured 1 meter above the bottom.
Salinity was considered to be a good index because: (1) it is
simple and inexpensive to measure accurately; (2) it has
environmental meaning; (3) it integrates various flow phenomena,
including river flow and exports; (4) is easily understandable to
the general public.

Workshop participants agreed that 2 ppt was a logical salinity
level for use in managing freshwater flows. 2 ppt was identified
as a meaningful salinity level in part because it is a good index
of the upstream boundary of the entrapment 2zone, and in part
because it is a salinity level which can unambigously represent
marine water. In addition, participants agreed that other
ecological processes and values, such as estuarine fish and shrimp
species abundance, anadromous fish species abundance, phytoplankton
abundance, Neomysis abundance, tidal marsh vegetation, and
endangered/threatened species abundance, could be tied to, and thus
managed with, control of the seasonal location of 2 ppt salinity.

The participants were able to successfully develop a matrix of the
general upstream/downstream location of 2 ppt bottom salinity vs
ecological processes for the spring, but were not as successful
developing such a matrix for summer. It was clear that further
work was needed to develop matrices for other seasons, and to



refine the relationships between 2 ppt location, time, and
ecological effects.

The participants also developed curves representing the general
relationship between a 2 ppt location and (normalized) probability
of a strong year class for a group of estuarine species. The
uncertainty associated with these relationships was represented by
an envelope surrounding the curve. At the most upstream location
the probability of strong year classes was low, and the associated
uncertainty envelope was narrow, indicating that there was no
probability of a strong year class at this general location, and
the year class abundance does not fluctuate widely. As the
location moves farther downstream in the Estuary the curve rises,
indicating that the probability of strong year classes is higher.
However, the uncertainty band is wider, mainly because abundance
can be very high or only moderate when flows are higher and the 2
ppt location is more downstream. There was agreement that these
graphs were generally similar for all four seasons.

Within the next few months a small working group will develop and
refine a family of such curves for each season, and couple salinity
to flow, so that the relationships already developed for flow can
be used to identify salinity/ecological effect relationships.
Refinements will include an analysis of possible alternative ways
of achieving each ecological effect, and a clear statement of
assumptions. This information will be used by the larger group to
identify the ecological costs and benefits for alternative
decisions on standards, and may lead to a recommendation on the
most scientifically defensible standard or set of standards.

Delta outflow was also discussed, especially because of the ongoing
SWRCB EIR process and because much of the fish and invertebrate
abundance data has only been analyzed in relation to delta outflow
and delta export. It was agreed that delta outflow may be an
additional phenomenon useful (in conjunction with salinity) for
managing freshwater inflow to the Estuary. It has, however, been
difficult to measure accurately. USGS has recently worked out a
technique to directly measure outflow, and this technique could be
used to routinely monitor outflow in addition to monitoring
salinity.

By the end of October, a synopsis of the workshop will be written
by Dr. J.R. Schubel, Director of the Marine Sciences Research
Center at SUNY,. In November, the large group will reconvene to
discuss Dr. Schubel's summary of the workshop and the four-season
scenarios of salinity/ecological effects relationships. -.1ese
documents will be revised and submitted to SFEP's Flows
Subcommittee in December.

cc: Tim Vendlinski, wW-7-3
Amy Zimpfer, W-7-3
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EXECUTIVE SUMMARY

This report provides an analysis of the available information on the entrapment zone (EZ)
of the San Francisco Bay estuary. The analysis is an attempt to synthesize the literature on
this estuary with the available data; the goal is to assess the importance of the entrapment
zone to the food chain of the estuary leading to early stages of striped bass and other
important fish. This study has two components: a review of the literature on the entrapment
zone and related issues in San Francisco Bay, and an analysis of data from the Interagency
monitoring programs. The objectives of this study were to assess existing data on the
characteristics of the EZ, its importance to biological production, the importance of
geographic position of the EZ to production, and the possible effect of historical changes
in the strength and importance of the EZ on the abundance of important organisms.

The physical phenomenon of entrapment is reasonably well understood. Entrapment of
particles occurs through the interaction of current shear with the sinking of particles. The
longitudinal density gradient in an estuary produces a landward-flowing, tidally averaged
bottom current that underlies the seaward-flowing surface layer. Particles that sink out of
the surface layer are transported back upstream by the bottom current and become trapped
within this region of two-layered flow. The effectiveness of the EZ in trapping particles
depends on the freshwater flow rate, with intermediate flows causing the longest particle
residence time, and tides, which vertically mix the water column and tend to oppose the
formation of an EZ. The EZ moves downstream during high-flow conditions and slowly
upstream when flow is low.

Previous reports on the San Francisco Bay estuary demonstrate that the EZ is the site of the |
highest concentrations of specific phytoplankton and zooplankton in the estuary. Some |
phytoplankton species are trapped as are inert particles. Entrapment of phytoplankton is |
apparently enhanced when the EZ is downstream in Suisun Bay, and reduced when it is
upstream in the Delta. Zooplankton and fish can maintain position in the EZ by moving
vertically into a depth of favorable currents, but existing reports do not demonstrate
convincingly that the geographic position of the EZ is important to zooplankton. EZ
position may be important to Delta smelt.

Analysis of long-term monitoring data on nutrients, phytoplankton, and zooplankton reveals ,
several pertinent facts about their dependence on the EZ. Several species appear to be |
"entrapment zone species," i.e. maximum abundance is in the EZ. Several of these species
are more abundant when the EZ is either downstream in Suisun Bay or at intermediate |
positions, compared to an extreme upstream location in the Delta. The mysid shrimp |
Neomysis mercedis, in particular, is much less abundant when the EZ is upstream. The \
copepod Eurytemora affinis is significantly less abundant when the EZ is upstream only in |
the fall. Striped bass survival is generally higher when the EZ is in Suisun Bay. Although“}'
a reasonable mechanism has been proposed for higher phytoplankton abundance when the |
EZ is in Suisun Bay, the corresponding mechanisms for zooplankton and fish cannot be;
determined from the existing data.

|
i
|



Long-term declines have occurred in a number of attributes in the estuary, including both
of the above zooplankton species, striped bass, Delta smelt, and phytoplankton biomass. An
additional change is an increase in water clarity, but the cause of this is also unknown.
Declines over the period 1972-1987 are significant but not attributable to changes in flow _
or position of the entrapment zone, nor do they appear related to each other. Many of
these indicators declined more in 1988 than during any previous penod probably because ‘
of grazing by the recently introduced clam Potamocorbula amurensis

The entrapment zone is as important to the estuary as has been claimed by previousM;
workers, although its importance to striped bass is not fully demonstrated. For maximum '
production of zooplankton the entrapment zone should be at least as far downstream as the
confluence of the Sacramento and San Joaquin Rivers.

11ie existing monitoring program has provided a good database for detecting trends but has
not included sufficient analytical effort to detect the changes in a timely manner, nor has it
incorporated the flexibility needed to respond to changes detected. This points out an area
in which the existing study program should be improved.
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1.0 INTRODUCTION

For the past two decades, the Interagency Ecological Studies Program has collected data on

a variety of physical, chemical, and biological variables in the San Francisco Bay estuary.

These investigations have provided one of the world’s longest-term records for an estuary,

constituting an impressive body of information. Much has been learned from these data and

from studies designed to investigate and explain patterns observed in the data. However,

much of the knowledge gained in this effort is anecdotal and not fully supported by rigorou;
analyses of the data. For example, many scientists working in this area believe that the!
entrapment zone (EZ) of the estuary is important to the survival and subsequent recruitment |
of larval and juvenile fish and to the food chain on which they depend (e.g. Arthur and Ball |
1979). Although there are reasons to believe this might be true from studies of this and |
other estuaries and from some findings on striped bass, this general opinion has yet to be |
firmly supported using the data at hand. The analysis of much of the data has been |
insufficient either in amount or rigor to resolve basic questions about trends and patterns j'
in the data.

This report is an attempt to synthesize the literature on this estuary with the available data
to assess the importance of the EZ to the food chain of the estuary, and especially to early
life stages of important fish. This study has two components: a review of the literature on
the entrapment zone and related issues in San Francisco Bay; and an analysis of data from
the Interagency monitoring programs. The extensive literature on entrapment phenomena
from other estuaries is outside the scope of this project, although particularly relevant
reports are cited where needed.

The purpose of this report is to present an objective analysis of the existing information.
This is an important step in evaluating where we are in our understanding of the ecology of
the bay and of the effect of freshwater inflows. It should also prove useful in suggesting how
directed research projects might reveal further detail of the effects of flows and diversions.

The objectives of this study were to assess to what extent the following questions could be
answered using the monitoring data:

1) What are the characteristics of the EZ in the San Francisco Bay estuary?
2) What is the importance of the EZ to biological production?

3) How important are changes in position of the EZ to the abundance or production of
the species that use the EZ?

4) Is the long-term historical decline in many of the indicators of biological production
related to changes in the EZ?
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In Section 2.0 I present a review of the literature relevant to the entrapment zone of the San
Francisco Bay estuary. Section 3.0 describes the results of several analyses of existing data
on the EZ. Section 4.0 contains a summary of our knowledge of the EZ in this estuary and
presents some recommendations for future activities. A glossary of scientific terminology
used in the report is presented following the Literature Cited section.
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2.0 ENTRAPMENT ZONE LITERATURE REVIEW

This literature review is focused on the entrapment zone of the San Francisco Bay estuary
and on an explanation of the entrapment phenomenon. References from other estuaries are
introduced only where relevant to a particular point being made.

The literature on the San Francisco Bay estuary is far less extensive and thorough than those
for other U.S. estuaries (e.g. Chesapeake Bay, Delaware Bay, Narragansett Bay). However,
a number of key publications provide a firm basis for examining the role of the entrapment
zone. These papers have resulted to a large extent from the efforts of Interagency
investigators, but relatively few of the data reported are from the ongoing interagency
monitoring programs. Rather, most of these studies have reported the results of special
investigations conducted for particular purposes.

In addition to published literature, I included in this review several analyses that have not
been published in widely available literature, but that have received considerable peer
review.

2.1 GENERAL CONCEPTS

A number of terms have been used to describe the enhanced particle concentration
commonly occurring in estuaries: e.g. estuarine turbidity maximum (ETM), entrapment zone,
or null zone. Although these terms do not have identical meanings, they refer to related
phenomena (see Glossary). Briefly, an ETM is a location of elevated turbidity due to
concentration of particles. An ETM can arise through entrapment, or through other
mechanisms such as wind-driven disturbance on shoals. An entrapment zone is an area
where variations in flow interact with particle settling to trap particles, and a null zone is the
upstream limit of tidally-averaged two-layer flow. These concepts are discussed in Section
2.2.

Since this report discusses how the EZ affects biological production, it is useful to define this
and related terms (see also Glossary). Abundance (sometimes density or concentration) is
the number of organisms in a functional group (e.g. phytoplankton) or population (e.g.,
striped bass) per spatial unit (area or volume). Note that the term "abundance index" often
refers to a measure of total size of a population, i.e. summed over the area or volume of
interest. Biomass is the amount of biological material in a functional group or population
per unit of area or volume. It can be expressed in units of weight (wet weight, dry weight,
carbon, nitrogen) or caloric content. Productivity is the rate at which a functional group or
population creates additional biomass per area or volume. It is the product of biomass times
the mean specific growth rate of the organisms in the group (Kimmerer 1987). Production
usually refers to productivity accumulated over time (e.g. 1 year), but many workers do not
distinguish between production and productivity. For animals, growth rates are poorly
known but vary less than biomass, so biomass or abundance can be estimated from
production (Kimmerer 1987). Production of phytoplankton in San Francisco Bay is also
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readily predictable from biomass, light, and water clarity, since nutrients are rarely limiting
(Cole and Cloern 1984).

A further note regarding productivity is warranted. Like other ecological terms, this term
has been borrowed from common usage to apply to a specific ecological variable. However,
it carries with it the positive connotations of its common usage. These connotations are
unwarranted, however, since high productivity in an ecological system is not necessarily good.
The productivity of microorganisms in San Francisco Bay may have been higher when raw
sewage was being dumped into the bay than now, but nobody would argue that the bay was
in better condition. High production of fish or other harvestable species, usually a benefit
to humans, is not necessarily related closely to high production of phytoplankton.

Salinity is used in this and other reports as an index of relative position in the estuary.
Salinity is commonly expressed in parts per thousand, but the correct expression of salinity
using the Practical Salinity Scale (UNESCO, 1981) is unitless, being based strictly on
conductivity and temperature. The Interagency monitoring programs routinely measure
specific conductance corrected to 25°C, from which salinity can be calculated if all of the salt
comes from seawater. The advantage of doing this instead of expressing salt content as
specific conductance is that the salinity value is a direct measure of the degree of dilution
of seawater with freshwater. This is useful in considering the loss of substances from the
estuary by mixing and dilution. However, salinity is not as useful when the salt content
comes from other sources such as agricultural drainage, as in the eastern and southern
Delta. Throughout this report I express salinity without units, and where appropriate add
specific conductance values for reference, since many of the existing reports show only
specific conductance.

2.2 THE PHYSICS OF ENTRAPMENT

The entrapment phenomenon is well known from a number of estuaries, and the basic
concepts have been understood since 1955 (Postma and Kalle 1955). A number of
publications have addressed the physics of entrapment; the following description relies
heavily on the detailed (if rather technical) discussions of estuarine circulation by Jay and
Smith (1990a, b). -

The concept of entrapment can be understood by considering a hypothetical estuary in which
the relative magnitudes of river flow, tidal flow, and friction are varied. If tidal flow is
negligible, and letting friction between layers be zero for the moment, river flow enters the
estuary and disperses as a surface layer of freshwater (Figure 1a). This surface layer
decreases in thickness with distance from the river, but without friction no mixing occurs.
The halocline, the surface separating the layers of fresh and salt water, is tilted down toward
land to balance exactly the hydrostatic pressure exerted by the landward thickening of the
freshwater layer. Freshwater flows seaward due to the slope in surface elevation; however,
no motion would occur in the seawater layer since the forces are in balance.
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In a real estuary, the shear between the freshwater layer and the seawater layer produces
turbulence near the halocline, which mixes fresh and seawater across the halocline. The
surface layer becomes progressively saltier toward the sea (Figure 1b). Since this layer is
flowing seaward, it carries salt out of the estuary, so to conserve mass an equal amount of
salt must come inward in the lower layer. This occurs because of the horizontal density
gradient which causes dense seawater to flow toward less dense water nearer land. This
circulation is referred to as "gravitational circulation”, because the force of gravity acts on
the surface slope to cause seaward flow of water at the surface, and on the density gradient
to cause landward flow of bottom water.

Tidal flow is an important flow phenomenon in most estuaries. In our hypothetical estuary,
gradually increasing tidal flow and decreasing river flow do several things (Figure 1c). First,
tidal flow across the bottom introduces additional shear, resulting in another source of
turbulent energy for mixing. Second, tidal currents can override gravitational flows, resulting
in unidirectional currents at all depths. Third, tidally generated turbulence can obliterate
the vertical density gradient. And fourth, increasing tidal relative to river flow moves the
entrapment zone upstream (Peterson et al. 1975).

In a real estuary, strong river flow and weak (i.e. neap) tidal flow result in a configuration
like that described in Figure 1b, where the two-layer flow exists at least in part of the
estuary. As tidal flows increase, stratification breaks down because of increasing turbulence
due to shear at the bottom (Figure 1c). Tidal velocities override first the bottom density
current and then the surface current, so that at any time the flows are unidirectional at all
depths. An ebb-flood asymmetry in vertical velocity profiles (Figure 2) is produced by the
horizontal density gradient; that is, gravitational circulation reinforces the flood near the
bottom and the ebb at the surface. This produces a tidally-averaged two-layer flow similar
in its effect to that seen in the high-flow condition. The principal differences are that
turbulence within the entrapment zone is greater, residence times of particles are shorter,
and stratification is reduced or eliminated.

Entrapment occurs in this two-layer flow as depicted schematically in Figure 3 (Arthur and
Ball 1980). Particles sinking out of the surface water become entrained in the deeper
current and are carried back upstream. Near the landward margin of this region of two-
layer flow, turbulent mixing or a net upward movement prevents the settlement of particles
having a certain range of settling velocities, and these become trapped in the region.
Between the two layers is a "plane of no net motion" at which no net landward or seaward
velocity exists. Where the upstream edge of this plane intersects the bottom, two-layer flow
ceases and all of the flow is seaward; this point, referred to as the "null zone", is closely
associated with the EZ.

An additional mechanism of entrapment has more to do with longitudinal than vertical
variation in current velocities. In most estuaries including the San Francisco Bay estuary,
the cross-sectional area increases in a downstream direction (Peterson et al. 1975). River
flow averaged across the estuary had a lower velocity where the cross-sectional area is larger.
In addition, tidal currents generally decrease from the mouth of the estuary to some
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upstream point where they vanish. The combined tidal and river velocities therefore have
a minimum at some intermediate point. This minimum results in settlement of particles
during slack water and subsequent resuspension during tidal flows, causing a turbidity
maximum near the area of minimum current velocities (Peterson et al. 1975).

23 THE ENTRAPMENT ZONE IN THE SAN FRANCISCO BAY ESTUARY

In the San Francisco Bay estuary, the position and strength of the EZ is regulated by the
interaction of tides and river flow, with wind increasing mixing in shallow waters (Peterson
et al. 1975, Arthur and Ball 1979, Smith and Cheng 1987). The position of the tidally-
averaged null zone varies from about 20 km from the Golden Gate Bridge (GGB) at a Delta
outflow of 2000 m*/s (70,000 cfs) to 80 km (about the mouth of the San Joaquin River) at
100 m*/s (3,500 cfs; Peterson et al. 1975). This movement of the null zone occurs because
variation in river flow is much greater than variation in density-driven bottom currents. The
position of a given salinity, and therefore of the EZ, also depends on the spring-neap tidal
cycle in that the total volume of water in the Delta is higher during spring than neap tides
(Cheng et al. 1991). Actual Delta outflow is lower for a given calculated outflow (inflow less
consumption and exports) during the transition between neap and spring tides than during
the spring-neap transition, so the EZ position could be expected to vary as well. In addition
to these sources of variation, aperiodic variations in sea surface elevation and winds, as well
as nonlinear tidal effects, can alter longitudinal circulation (Walters and Gartner 1985) and
therefore EZ position. ’

A series of reports by Arthur and Ball (1978, 1979, 1980) discussed the location of the EZ
and its biological significance. The EZ contains elevated concentrations of suspended
particulate matter, phytoplankton, zooplankton including the mysid shrimp Neomysis, and I
juvenile striped bass. High tidal velocities and high freshwater outflows both result in 7}
greater resuspension of particles, enhancing turbidity within the EZ. The lowest —
concentrations of suspended solids, phytoplankton, zooplankton, and juvenile bass occurred

in the drought of 1976-77, when the EZ was furthest upstream (Arthur and Ball 1979).

Based on the distribution of suspended particulate matter over a wide range of flows and
tides, Arthur and Ball (1978) stated that the EZ occurred over a surface salinity range of 1-6
(Specific conductance of 2-10 mS/cm). This agrees with the location of the null zone
reported by Peterson et al. (1975).

The °S. 7 :olc ":al Survey ("7 7" 1the U™ Tureau of Reclamation (USBR) have
measured vertical profiles of currents, salinity, temperature, and light transmission (as a
measure of particle concentration) along transects up the bay starting in 1985.
Unfortunately, these data have not yet been fully analyzed. Preliminary analysis of a few
profiles shows entrapment of particles at a surface salinity around 1-6 (Rapp et al. 1986,
Hachmeister 1987). These profiles also illustrate the effect of flow and of the spring-neap :
tidal cycle on stratification; high flows push the salinity intrusion downstream and enhance |
stratification, while spring tides tend to eliminate stratification. In addition, the current
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profiles illustrate the ebb-flood asymmetry under moderate flow conditions, and two-layer
flow when freshwater outflow is high.

2.4 BIOLOGICAL SIGNIFICANCE OF THE ENTRAPMENT ZONE

The EZ could be significant biologically in two ways. First, it can provide habitat for
"entrapment zone species”, i.e. species that are most abundant within or near the EZ.
Second, as a location of elevated biomass and therefore productivity of lower trophic levels,
it could serve as a source region for food for consumer species such as fish. Two issues are
relevant to this discussion: the importance of the entrapment zone to various species in and
near the EZ; and the importance of the geographic position of the EZ to productivity within
the EZ.

A related issue is the historical decline in many of the species and functional groups in the
estuary. This is related because the declines could be associated with historical changes in
EZ position. Declines have been noted in phytoplankton (Orsi and Mecum 1986, Arthur
1987), zooplankton (Orsi and Mecum 1986), striped bass (Stevens et al. 1985), and Delta
smelt (Moyle et al. in prep).

24.1 Phytoplankton, Bacteria, and Particulate Matter

Arthur and Ball (1978, 1979, 1980) showed that abundances of phytoplankton, zooplankton,
and young striped bass are elevated in the EZ relative to other locations. In addition, they
showed that the biomass of phytoplankton is higher when the EZ is in Suisun Bay rather
than further upstream. In 1978 manipulation of flows to keep the EZ within Suisun Bay
apparently resulted in high concentrations of phytoplankton, particularly relatively large
diatoms. Settling rates of the most abundant diatom species were equal to the theoretical
upward velocity in the EZ determined by a numerical model; this suggested that these
species were being trapped within the EZ (Arthur and Ball 1980). In addition, the ratio of
chlorophyll to total pigments (i.e., chlorophyll plus its breakdown products) was highest near
the bottom first downstream of the EZ, indicating a greater proportion of healthy, growing
cells (Ball and Arthur 1979).

Arthur and Ball (1980) presented a theory to explain the elevation of phytoplankton biomass
when the EZ was in Suisun Bay. This model was expanded by Cloern et al. (1983) to
include an analysis of the effects of mixing between shallow and deep locations. I refer to
their explanation as the ABC model. According to this model, phytoplankton are generally
light limited and therefore unable to maintain positive net production in the deep channels,
where turbidity reduces the light below that needed for high rates of photosynthesis.
Production is high on the shoals, however, which are extensive in Suisun Bay. When the EZ
is in Suisun Bay, particles including phytoplankton are trapped by the estuarine circulation,
but tidal exchange mixes phytoplankton between the shoals and the deep channels.
Therefore the average growth rate of phytoplankton in this area is high, resulting in high
biomass and productivity. In the Delta, most of the channels are narrow and deep with



relatively little shoal area. Thus, according to the ABC model, average growth rate of the
phytoplankton is lower when the EZ is upstream, and less biomass builds up.

Cloern et al. (1983) showed that the proportion of large phytoplankton (those larger than
about 20um) in total chlorophyll, and the abundance of large diatoms, were highest when
the EZ was in Suisun Bay. They also showed that the growth rate of phytoplankton in the
shoals was about 10-fold that in the deep channels, owing mainly to a lack of light !
penetration in the deep waters. Nutrients do not limit the growth of phytoplankton, at least |
until biomass reaches extremely high levels during summer blooms (Cloern et al. 1983). ~

Several alternatives to the ABC model cannot be eliminated. The upstream or downstream
movement of the EZ is caused mainly by changes in freshwater inflow, which also influences
the strength of bottom currents and therefore the ability of the EZ to trap diatoms of a
particular settling velocity. It is not clear whether the high phytoplankton biomass results
from the postulated mechanism or simply from changes in the strength of entrapment.
Furthermore, low biomass during droughts could be due to increased benthic grazing}
resulting from the landward penetration of marine benthic grazers (Nichols et al. 1990).
However, the ABC model is the most consistent explanation of the low biomass when the |
EZ is upstream. . :

Much less information is available on the detrital and bacterial components of particulate
matter. The nutritive value of particles, defined as the ratio of protein to carbohydrate, was
higher in the EZ than elsewhere (Barclay 1981). The ratio of nutritionally useful materials
to total particulate matter did not vary with sampling station, suggesting a similar mechanism
for entrapment of nutritional and total particles (Barclay 1981).

The production of bacterioplankton in Suisun Bay during 1988 was 5 times higher than
phytoplankton production, implying important sources of organic matter not associated with
phytoplankton (Hrlibaugh and Wong 1990). Whether this organic matter comes from the
rivers is unknown. However, this organic matter could provide alternative food for
zooplankton and other herbivores.

2.4.2 Zooplankton

A number of papers have been prepared on the abundance of various zooplankton species
in relation to the EZ. The copepod Eurytemora affinis and the mysid Neomysis mercedis
both appear to be entrapment zone species (Heubach 1969, Siegfried et al. 1979, Orsi and
Knutson 1979, Knutson and Orsi 1983, Orsi and Mecum 1986). E. affinis is the most
abundant species of mesozooplankton in the lower salinity zones of estuaries on both the
east and west coasts of the U.S. and Europe (e.g. Heinle and Flemer 1975, Burkill and
Kendall 1982, Miller 1983, Orsi and Mecum 1986). Both species are important food for
larval striped bass, E. affinis in the first few mm of growth and N. mercedis after the bass
reach 10-14 mm length (DFG 1988b). Delta smelt also consume these species (Moyle et al.
in prep.). The copepod Sinocalanus doerrii, introduced around 1978, is most abundant
upstream of the entrapment zone (Orsi et al. 1983). A more recent introduction,
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Pseudodiaptomus forbesi, took up a position similar to that of E. affinis in 1988 (Orsi and
Walter 1991).

Both common entrapment zone species, E. affinis and N. mercedis, are most abundant in the
entrapment zone, and both have declined substantially over the duration of the sampling
program (Knutson and Orsi 1983, Orsi and Mecum 1986). Causes of declines have not been
determined, although the introduction of Sinocalanus has been identified as a possible cause
of the decline in abundance of Eurytemora.

Neomysis mercedis has a peak in abundance at a salinity around 2-3, close to the defined

upstream end of the entrapment zone (Knutson and Orsi 1983). It is believed to maintain
position in relation to the entrapment zone by the interaction of its vertical position with the
estuarine circulation rather than through direct effects of salinity (Heubach 1969, Siegfried

]

et al. 1979). Abundance indices, which are estimates of the total population size, were "

higher when the EZ was in Suisun Bay than when it was upstream (Siegfried et al. 1979,
Knutson and Orsi 1983). It was postulated that this was due to a reduction in habitat size
owing to the restricted channels in the Delta (Siegfried et al. 1979, Knutson and Orsi 1983).
In addition, Knutson and Orsi (1983) stated that cross-Delta flows rendered the eastern and
southern Delta unsuitable as habitat for N. mercedis, although it is not clear how this could

happen. It is also not clear whether abundance indices were lower when the EZ was in the

Delta because of reduced habitat size alone, or whether there was also a reduction in
abundance (i.e. number per cubic meter) within the EZ.

There is no evidence in any of these studies that reproductive or growth rates of -

zooplankton are different in and out of the EZ. Therefore production of entrapment zone
species of zooplankton is probably higher in the EZ owing to the higher biomass.

In one respect the studies cited above made a significant error in analysis of the data. For
the most part the data were related to fixed stations rather than to salinity, and no account
was taken of the salinity variation in calculating means or correlations between species. This
resulted in some possibly spurious results. For example, significant correlations were noted
between Neomysis at certain stations and flow (Siegfried et al. 1979), between Neomysis and
Eurytemora (Knutson and Orsi 1983), and between zooplankton abundance and chlorophyll
(Orsi and Mecum 1986). Since chlorophyll and many zooplankton species have similar
spatial distributions, and since the EZ and the abundance peak move up or downstream
depending on freshwater flow, these correlations can arise through movement of the
entrapment zone. This issue is discussed further in Section 3.5.3.

2.43 Striped Bass

Striped bass (Morone saxatilis) range throughout the estuary and lower rivers but are
concentrated in the low-salinity region of the estuary during early life (DFG 1988b). This
may not be considered an "entrapment zone species”, since all life stages are found well
upstream and downstream of the entrapment zone. However, it is most abundant near the
entrapment zone during larval and early juvenile development (Arthur and Ball 1980, DFG
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1988b). Furthermore, Fujimura (1990) has found that bass eggs are most abundant near the
surface but that larvae tend to be more abundant away from the surface. To that extent that
an entrapment zone is present, this behavior would result in transport of eggs by river flow
to the entrapment zone, followed by retention of the bass in that area. Hatching and
development of larvae before they reach the EZ could result in delayed transport because
of reduced flow at depth, which may explain the tendency for the majority of the larvae to
be found upstream of the EZ (DFG 1988b).

Recently, a good deal of attention has been paid to the long-term decline in striped bass in
this estuary (Stevens et al. 1985). The prevailing view of DFG scientists (Stevens et al.
1990a) is that the decline was caused by reduction in young-of-the-year (YOY) through
direct removal by the project pumps, resulting in lower adult abundance and consequently
reduced egg abundance. With the normally low survival of fish through egg and larval
stages, reduced egg abundance causes a further reduction in YOY.

The argument of Stevens et al. (1990a) is as follows. Increased exports in the early 1970s
resulted in poor survival of young bass, with an estimated removal of 31-84% in the late
1980s. This decline occurred primarily in the Delta (rather than in Suisun Bay). The
resulting decline in recruitment produced a reduction in adult stocks, with concomitant
lowering of egg production. The most plausible alternative explanation of the decline is that
survival of early bass larvae is lower than it used to be because of the decline in zooplankton
abundance. However, there is no evidence that survival of early larvae has declined, and 1
the ratios of YOY to egg indices do not reveal a strong trend (Stevens et al. 1990a).
Variation in survival of early larvae may explain the dependence of YOY on flow in the
estuary, but not the long-term decline. Growth rates of larvae measured since 1984 are
variable between years, and this variation could be due to changes in food supply (Miller
1990), although starved larvae are rare or absent from the estuary (Bennett et al. 1990). |
The T FG report includes a quantitative analysis of the removal of striped bass by the pumps
and of the effect of declining adult stocks on YOY. However, it fails to account for evident
effects of toxicity on both young (Foe 1990) and adult (Nishioka 1991) bass. In addition, the
mcrregse\m adult mortality over the last decades (DFG 1988a) could also lead to lower e
production. Although the DFG report is quant1tat1ve in testing hypotheses using empirical
relationships, no mathematical model is presented to support the analysis outlined above.
In the absence of such a model, it is difficult to separate the effects of reduced egg
production and mortality at various life stages. Furthermore, the analysis fails to explain why
long-term declines in survival of YOY would not be reflected in similar declines in survival
of the larvae, which are found in fresher water and should be more vulnerable to pumping.

A contrary view presented by J. Turner (1990) is that years of high YOY index (e.g. 1986)
occur when eggs and larvae from the San Joaquin spawning area are washed into the EZ
because of relatively high flows in the San Joaquin. The underlying assumption is that eggs
spawned in the Sacramento River do not contribute as much to the population. Although
Turner’s model may be a good explanation of the relatively high YOY index of 1986, it does
not explain why indices were consistently higher before 1977 than after.
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2.4.4 Delta Smelt

Interest in Delta smelt (Hypomesus transpacificus) has grown recently with petitions to State
and Federal agencies to list it as an endangered species. Two recent reports (Stevens et al.
1990b, Moyle et al. in prep) provide a complete analysis of current data indicating the status
of this species. Apparently this species is concentrated in the entrapment zone at least
during larval development. Of the seven independent programs that sample for abundance
of Delta smelt, all indicate a decline in abundance in the early to mid 1980s, but the timing
is not the same in all studies. Moyle et al. (in prep.) propose that the decline may be caused
by upstream location of the entrapment zone, since the EZ has been upstream of Suisun
Bay in every year since 1983 except for 1986. However, only two of the seven studies show
a high abundance in 1982-83, and only one shows moderate abundance in 1986, the three t
years in the 1980s with the highest springtime freshwater inflows. -

2.5 EVALUATION OF THE CURRENT STATE OF KNOWLEDGE

Little has been published on the biological activity of the EZ in the last 8 years, although
several data summaries, including some information on the EZ, were presented to the State
Water Resources Control Board in 1987-88 (Arthur 1987; DFG 1988a,b). Either the subject
is believed to be well enough understood that no further information is needed, or the
subject has not been pursued because of changing agency priorities.

The early reports on EZ position focused almost entirely on the phytoplankton. The
analyses (Arthur and Ball 1980, Cloern et al. 1983) are reasonably convincing in that they
offer the most parsimonious explanation of the observations. However, these analyses do
not rule out other explanations of high phytoplankton biomass when the EZ is in Suisun
Bay, such as the generally stronger two-layer flow (Cloern et al. 1983). No further analysis
has apparently been conducted on this.

A common assumption is that, since the food chain depends on phytoplankton, what
enhances phytoplankton must also enhance zooplankton and larval (and therefore
presumably adult) fish. This link has not been established beyond a simple correlation of
long-term trends (Orsi and Mecum 1986). Since these trends could be due to other changes,
the correlations do not establish cause. Furthermore, it is very likely that at least some EZ
species (especially Eurytemora) may depend as much on organic detritus as on phytoplankton
(Heinle et al. 1977).

In fact, there is some evidence that the long-term declines in zooplankton and striped bass
are not due to changes in phytoplankton. First, limited experimental data (Kimmerer 1990)
showed no evidence of food limitation of Eurytemora affinis, which was the most abundant
zooplankton species in the estuary. If food is not limiting the growth or reproduction of this
species, then changes in phytoplankton will not be reflected in changes in abundance of
Eurytemora. Second, the recent analysis of the decline in striped bass (Stevens et al. 1990a)
discounts the importance of the food web in regulating the population size of bass (See
Section 2.4.3).
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To summarize, the published and unpublished analyses to date show evidence that the

existence of the EZ is important to phytoplankton, some zooplankton, and possibly Delta (
smelt. The position of the EZ has been shown to be important to phytoplankton, and a
reasonable mechanism has been proposed. However, analysis of its importance to higher
trophic levels has depended on the link between phytoplankton, zooplankton, and fish, which J
has not been established quantitatively.
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3.0 DATA ANALYSIS

This section describes the analyses performed on existing data obtained primarily from the
Interagency Monitoring Programs (Figure 4). Results are interpreted and compared with
previous analyses in section 4.0. Zooplankton data, along with ancillary data such as surface
conductance, chlorophyll, and Secchi disk depth, were obtained from DFG. This data set
includes samples taken at 81 stations between 1972 (1976 for chlorophyll) and 1988, mainly
during March to November, all at or near high tide. Because of that consistency, and
because of the large number of stations, I have used those data wherever possible to
describe the distribution of salt and particulate matter in the estuary. Data on chlorophyll,
phytoplankton abundance, nutrient concentrations, and turbidity were obtained from data
collected by the Department of Water Resources (DWR data set) from 1968 (1975 for
phytoplankton abundance) to 1989. Stations in the Southeastern Delta were excluded,
leaving a total of 16 stations. Nearly all of the DFG and DWR data were from samples
taken near the surface, except for zooplankton samples which were oblique tows. Data from
the DFG egg and larval survey were also used to examine the potential effect of the EZ and
its position on striped bass eggs and larvae.

Inflows and exports were obtained from monthly output of the DWR DAYFLOW
accounting program. These data include measured flows into the Delta, estimates of minor
flows to obtain total inflows, estimates of net consumption within the Delta, and measured
export flows at the State and Federal projects. Net outflow is calculated by difference.
Although these values have been criticized on the basis that they do not include tidal effects,
the use of monthly means largely eliminates that problem. The effect of the spring-neap
tidal cycle on position of the EZ is discussed in Section 3.2.2. Uncertainty in net Delta
consumption introduces some error to net outflow calculations.

3.1 ANALYTICAL APPROACH

The principles used to guide the data analysis were: 1) Use all of the relevant data rather
than breaking them up into smaller segments; 2) Account for known sources of variance
such as salinity to permit more powerful analyses of other sources of variance; and 3) Use
data that are consistent in time and space.

I believe that many previous analyses of data from the estuary have been hampered by
referring the data to fixed sampling stations. Tidal excursions and changes in river flow
cause the EZ to move longitudinally within the estuary at time scales from hours to months.
Since the salinity distribution moves more or less in concert with the EZ, data on the ™7
were analyzed in reference to salinity rather than to fixed stations. Section 3.2.2 discusses
potential problems in using surface salinity to represent EZ position. In sections 3.4 and
3.5.3, geographic position of the EZ is also brought into the discussion as a separate variable
to estimate its effect.




Another reason for referring all measurements to salinity is that this is the single most '
important variable affecting species composition at any point in the estuary (e.g. Miller ‘
1983). Each estuarine species has an optimum salinity range, and most species fail to |
survive at salinities well outside that range. Thus much of the spatial variability in
abundance of a given species can be explained simply on the basis of salinity. On the basis
of salinity alone, one would expect to find estuarine species to have high abundance near
the salinity optimum and lower abundance elsewhere (e.g. Miller 1983). By removing or
accounting for the effect of salinity as a known factor, we can obtain improved descriptions
of other sources of variation. Furthermore, by removing the effects of salinity and, perhaps, .
season, we can determine whether correlations among species or trophic levels (Orsi and /
Mecum 1986) are due to salinity effects or to ecological interactions.

-

The majority of observations in the DFG data set (around 14,000 records) were obtained
at low rather than high salinities. To analyze effects of salinity in this large data set required
a simplifying model. Instead of fitting an assumed salinity distribution to the data, I divided
the salinity range into 20 classes containing roughly equal numbers of observations. Using
equal observations gives approximately equal confidence intervals in all classes, avoiding the
statistical problems that occur when the classes at one end of the distribution contain few .
observations. However, the salinity classes contain different salinity ranges (Table 1), and
graphical displays are distorted. In several graphs in following sections, the mean salinity
in each class is used to eliminate this distortion.

The general objective of this analysis was to extract underlying patterns from the existing
data. Often these patterns are obscured by effects such as salinity, as outlined above, or
season. To eliminate these factors while retaining as much of the full data set as possible
for analysis, I calculated anomaly values for many of the variables. An anomaly is the
deviation of a particular datum from the mean of all data within some range. In the case
of salinity, I took the mean of all data within each salinity class and subtracted it from each
observation in that class. This resulted in an anomaly representing the deviation of that
individual value from the mean. Most of the variance remaining in anomaly values is due
to causes other than salinity (the slight variance due to differences in salinity within classes
is not removed and appears as error variance). This approach is useful in determining long-
term trends or spatial patterns, which could be obscured by variation in salinity among
stations. In addition to anomalies by salinity class, I also used anomalies by month to
eliminate the average seasonal trend represented by monthly means.

The )Hoplankton abundance data were log-transformed before analysis so that various
statistical procedures could be performed. This is a common practice in analyzing
abundance data, in which the variance is correlated with the mean, rendering commonly
used statistical procedures invalid unless the data are transformed. Log transformation alters
the structure of the variance so that changes by a given factor, say 2, are represented the
same no matter what the base value. That is, a change in abundance from 1 to 2 has the
same influence (and appearance on a graph) as a change from 1000 to 2000. This makes
sense biologically because populations grow exponentially in the absence of resource
limitation; that is, they change by multiples.

3-2



A drawback to log transformation is that zeros cannot be transformed. I dealt with this
problem by adding a constant to all values before transformation. The choice of the value
to add can affect results of the analysis. I chose the added value to be a power of 10 close
to the minimum non-zero values obtained. In other words, I assumed that a zero value was
not zero but just below the detection limit. The value added was 10 for copepods and 0.1
for Neomysis.

The DFG zooplankton data set contained a number of observations from stations or times
of year not represented consistently throughout the period of record. For example, some
stations were sampled only during a few years of the study; also, samples were taken in
winter only in the first few years. To make the data set more consistent and thereby to
reduce bias, I extracted a core data set containing samples taken at 35 stations in March-
November of each year. I also eliminated samples for which salinity data were not taken.
The resulting data set contained 9597 observations. For some purposes I added back
downstream stations (San Pablo Bay) sampled only during high-flow periods, since the core
data set did not extend far enough downstream at those times.

Details of data preparation and analysis peculiar to each data set are discussed below along
with the results of each analysis.

3.2 PHYSICAL CHARACTERISTICS

The characteristics discussed here include flow conditions as described by the DAYFLOW
variables, location of the EZ, and its dependence on flow. The data used to define location
of the EZ included specific conductance and Secchi disk depth from the DFG data set.

3.2.1 Flow Conditions

In this section I discuss historical patterns in freshwater flow to set the stage for a later
analysis of possible causes of changes in the ecology of the entrapment zone and some of
its species. Since flow affects entrapment zone position (Peterson et al. 1975), understanding
changes in flow is essential to understanding this segment of the estuary.

An increasing trend exists in the data for export flows but not for Delta outflow. Figure 5
shows the historical trend in the anomaly (monthly pattern removed) of Delta outflow over
the period for which we have zooplankton data (1972 1988). Although there are large
interannual differences, no general trend in_outflow is apparent over this period. Export
flows, however, have increased over this period (Flgure 6) by about 3000 cfs, but the percent
of inflow exported reflects the cyclic pattern in outflow more than the trend in exports
(Figure 7). The upward trend in export flow is statistically significant (linear regression,
p<0.001). The trend in percent exports is not quite significant (0.05<p<0.1), partly because
of the large variations of outflow, and partly because inflows are varied to provide water for
exports (Arthur 1987). y
/
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When the above data are grouped by season, different trends emerge. Interannual
differences in percent export flow are greatest in fall and winter (Figure 8) and lower in
spring and summer (Figure 9). The only time period for which a significant increasing trend
exists over the period 1972-1989 is the fall (p<0.05, linear regression). Seasonally, export
flows and percent exports are highest in summer and lowest in winter.

3.2.2 Location of the Entrapment Zone

This section presents support for the use of a fixed salinity or specific conductance as an
operational definition of the position of the EZ. The EZ is defined as the location where
particles are concentrated by the action of circulation patterns. A clear indication of the
location of the entrapment zone would require the measurement or calculation of net flow
velocities as a function of position in the estuary. These measurements have been made ",
. only a handful of times (Peterson et al. 1975; Hachmeister 1987), so an operational |
definition of EZ position is required. This could be based on the location of the turbidity |
maximum, or on a particular salinity value.

Arthur and Ball (1978) used 2 mS/cm surface specific conductance (at 25°C), corresponding
to a salinity of about 1.2, as an operational definition of the upstream end of the EZ. Since
, surface conductance is measured routinely in all of the Interagency monitoring programs, this
] allows comparisons among different programs. The principal drawbacks of the definition
of the EZ by surface conductance are that this does not take stratification into account, and .
that the EZ may not always maintain the same spatial relationship to the salinity distribution. ;

Since turbidity is also routinely measured as Secchi disk depth, a turbidity maximum would
seem to provide an operational definition more closely related to the actual phenomenon
of entrapment than sahmty However, several problems arise in using this definition. First,
turbidity maxima can arise in the absence of entrapment (Sectlon 2.2). Second, a Secchi disk |

i permits the measurement of surface turbidity only; turbidity in the lower part of the water |

d column may not be easily related to turbidity at the surface (e.g., see Arthur and Ball, 1979 ‘
Fig. 10). In addition, the position of the EZ determined with a Secchi disk depends on

J differences among stations in a rather crude and somewhat subjective measure of light

: penetration.

Definir - the EZ using surface salinity has the advantage of simplicity, in that a single

: - measurement suffices to determine whether a station is in the (defined) EZ or not. It also
has a basis in physics: entrapment can occur only where density-driven circulation exists due /

_to a horizontal salinity gradient. Since this can occur only where salinity is measurable, its

upstream edge must be. fairly close to the 2mS/cm point. Furthermore, it is useful as a J

‘-

relative measure, since the EZ position can vary widely within the estuary but only slightly
relative to the salinity distribution (Peterson et al. 1975).

I determined the approximate position of the EZ by the operational definition from monthly

mean data on specific conductance at each station in the DFG zooplankton core data set
plus the downstream stations. First I calculated a smoothed value for specific conductance
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every 2 km of distance from the Golden Gate Bridge between 60 and 120 km. The position

)

/

of the EZ was determined as the point where conductance was closest to 2 mS/cm. In

months of high flows the EZ was out of the sampling area, so these months were dropped.

I used Secchi disk depths to indicate how the turbidity maximum deviates from the location
of the ZMS/cm point. The long-term average position of the turbidity maximum occurs in
salinity classes 13-17, corresponding to a salinity range of 1.2-6 (Figure 11).

To determine how the turbidity maximum varied with EZ position, scatter plots of Secchi
disk depth vs. salinity class (DWR data set) were examined for each month in the record,
and the salinity class at which the minimum occurred was noted. These data were converted
to position using plots of salinity vs. position, and are plotted against location of the EZ as
defined above (Figure 12). The turbidity maximum moves an average of 8 km relative to
the operationally defined EZ position as that position shifts from 65 to 95 km from the
Golden Gate Bridge. That is, the mean difference between the turbidity maximum and the
position of 2mS/cm surface salinity is positive when both are upstream in the Delta, and
slightly negative when both are downstream in Suisun Bay. This is because of the
relationship of EZ position and flow (Peterson et al. 1975; see below). As flow increases,
pushing the EZ downstream, stratification also increases, so that the difference between
surface and bottom salinity increases (Arthur 1987). Since entrapment occurs over a range
of salinities throughout the water column, the salinity of surface water overlying the EZ is
lower when stratification is strong (and flow is high). Figure 12 indirectly illustrates the
discrepancy between surface salinity and the salinity defining the EZ. However, the scatter
in these data is large, mainly because of uncertainty in determining the point of minimum
Secchi disk depth. The relationship is monotonic, meaning that the operational definition
provides an unambiguous index of EZ position (i.e., 2 mS/cm)

EZ position by the operational definition moves downstream with increasing flow (Figure 13;
see also Peterson et al. 1975, Arthur and Ball 1980, Arthur 1987). The rather wide range
of EZ positions for a given flow occur because I used monthly values from DAYFLOW,
ignored tidal effects, and ignored the fact that EZ position moves downstream on increasing
flows faster than it moves upstream when flow decreases (Peterson et al. 1975). Plotting the
time trend in EZ position illustrates how the EZ has moved between the Delta and Suisun
confirmed by analysme anomahes inEZ posmon with monthly variation removed which
also shows considerable interannual variability but no long-term trend (Figure 15). There
is no significant long-term trend in the anomaly data, whether by year, month, or season
(p>0.1, linear regression). Therefore long-term trends in biomass or abundance over the

period 1972-1988 cannot be attributed to changes in EZ position, regardless of any

correlations.

A number of authors have referred to the decrease in habitat volume as the EZ moves from
Suisun Bay into the Delta (Siegfried et al. 1969, Knutson and Orsi 1983). I calculated the
approximate volume of water in the EZ by integrating the cross-sectional area from Peterson

et al. (1975, Figure 4) between salinity values of 1-6 for each month in which EZ position
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data were available. The resulting relationship (Figure 16) clearly shows that EZ volume
is lower when the EZ is in the Delta. This comes about mainly because of the decrease in |
cross-sectional area with distance upstream into the Delta. J

3.23 Temperature and Transparency

Temperature anomalies show a slight but significant increase over the period 1968-1990 in
the DWR data (Figure 10; p<0.05, linear regression), but not in the DFG data (p>0.1).
This may be partly because the DFG data did not include 1968-71, when the DWR
temperatures were low, or 1989 and 1990 (because of the longer processing time for the
DFG data) when temperatures were high.

Transparency has increased in the system: anomaly values for turbidity as 1/Secchi disk
depth (DWR data set) have decreased significantly (p<0.01, linear regression of annual
means, Figure 17). This is in contrast to the report of Arthur (1987), who stated that the
historical change in transparency in Suisun Bay could be accounted for by movement of the
EZ and river flow.

3.3 CHEMICAL CHARACTERISTICS

This section discusses concentrations and inputs of nutrient elements and organic matter and
briefly addresses toxic materials. Oxygen is not considered, since it is always near saturation
in and around the EZ (Arthur 1987). These data were obtained from the DWR data set
from 1968 to 1990. However, coverage was rather thin in the early years. Most of the
nutrients vary substantially with salinity and season, so a small number of samples in a given
year could seriously bias the annual mean. Therefore, I excluded years before 1971 from
this analysis.

The nutrients considered here include nitrate plus nitrite, ammonjum, ortho-phosphate, and
silicate. Of the two forms of nitrogen, nitrate and nitrite (together) are more important
components of stream water, while ammonium is representative of sewage input and
re _, cling within the estuary. Phosphorus can come from either source, while silicate, derived
almost entirely from weathering of rocks, enters in stream water.

Nutrients apparently limit phytoplankton growth only during the maximum summer
phytoplankton bloom, if at all (Cole and Cloern 1984). Therefore nutrient concentrations
within the EZ provide an index of the extent to which phytoplankton could develop. If all
of the major nutrients are present in excess (essentially, this means above detection limits),
then something else is limiting phytoplankton biomass, usually light. Also, the relationship
of nutrient concentrations to salinity gives an indication of the nonconservative reactions of
these nutrients, i.e. incorporation into organic matter (Officer 1979).

The relationship of nutrients to salinity was initially determined using salinity classes as

discussed above, then converted to relationships with salinity using the mean salinity in each
class.
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Ammonium (Figure 18) was highest in winter and lowest in summer, with a broad minimum
at salinities of 0.2-10 in all seasons. This reflects either a loss of ammonium in this region
or, more likely, biological processes acting to reduce the concentration of ammonium.
Nitrate (Figure 19) has a sharp minimum at a salinity of 0.2 and a broad minimum during
summer, but is relatively flat in other seasons. Ortho phosphate (Figure 20) was lowest at
the upstream end of the range of samples, and relatively flat at other locations. However,
total phosphorus had a broad maximum at intermediate salinities (in and downstream of the
EZ), indicating that dissolved organic P was highest there, probably because of an overall
increase in organic matter. Silica (Figure 20) declined almost linearly with salinity.

Nutrient concentration anomalies generally did not have a long term trend, except that
ammonium and phosphate increased significantly (p<0.05) in spring (Figures 21 to 24).
These trends may reflect the decreasing phytoplankton concentrations (Section 3.4), although
they may reflect improvements in analytical practices, since variability among individual data
declined as well. If the early years (1971-73) are eliminated from the analyses, the trends
become insignificant.

Toxic materials such as pesticides, hydrocarbons, and metals have been measured on
occasion but the detection limits are too high to measure environmental concentrations
reliably (Arthur 1987). Nevertheless, there is concern over the influence of toxic materials,
particularly agricultural pesticides, anti-fouling chemicals, and industrial wastes. In the upper
estuary the biggest problem would seem to be releases from the rice fields, which peak in
mid-May (D. Wescott, Sacramento Regional Water Quality Control Board, pers. comm.).
A change in crops planted, with attendant changes in pesticide application, occurred around
1976-82, coincident with some changes in estuarine biota (following sections). However, the
declines seen in the crustacean zooplankton of the EZ (see Section 3.5) occurred in all
months, but most steeply in summer. Thus the effect of these pesticides appears minimal,
since the crustaceans appear most sensitive to pesticides (Foe 1990).

3.4 PHYTOPLANKTON

Phytoplankton abundance has been measured in two ways: as chlorophyll in both the DFG
and DWR data sets and as abundances of a few common diatom species in the DWR data
set. Chlorophyll a is the most commonly used measure of phytoplankton biomass, since all
phytoplankton cells contain it. However, the chlorophyll per unit biomass (carbon or weight)
varies widely, and there is no easy way to distinguish among the many phytoplankton species.
Enough is known about phytoplankton biology to demonstrate that different species have
vastly different requirements and responses to the environment. Thus chlorophyll is only a
crude measure of phytoplankton abundance, but on the other hand it is easy to measure and
unequivocal. Also its degradation products, known collectively as phaeopigments, are
produced in digestion and can be useful as indices of herbivory. Primary production is not
routinely measured but can be calculated from chlorophyll (Cole and Cloern 1984).

The two datasets for chlorophyll have similar patterns with respect to salinity if similar time
periods and stations are used: when data from winter and from before 1972, and the
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stations in the eastern Delta are eliminated from the DWR dataset, the results are similar
to those from DFG (Figure 25). The patterns are similar, with a broad peak in salinity
classes 15-18 and low values at higher salinity.

The ratio of chlorophyll to total pigment (i.e. chlorophyll plus phaeopigments) in the DWR
data set was lowest in salinity classes 12 and 13, higher in the EZ, and highest in the
freshwater samples (Figure 26). This difference was small, and may have occurred through
lysis (disruption) of cells of freshwater algae on encountering significant salinity, since the
abundance of herbivores is highest in the EZ (Section 3.5).

Chlorophyll values in both data sets have decreased over time since about 1972 (Figure 27).
This decrease is statistically significant (regression, p<0.001) and comes to about 10 ug Chl/l
over the entire period. Phaeopigments likewise decreased, but the ratio of chlorophyll to
total pigments decreased; that is, phacopigments decreased less than chlorophyll (Figure 28).
This could represent an increase in herbivory, although herbivores have, if anything,
decreased (Section 3.5).

Chlorophyll anomalies with monthly means removed were used in an analysis to confirm the
importance of EZ position reported by Arthur and Ball (1980) and Cloern et al. (1983). I
combined the anomalies with data on position of the EZ for each month and year. The
position data were divided into four categories: less than 72 km, 72-82 km, 82-92 km, and
92 km or over from the Golden Gate Bridge. The first two categories place the EZ in
Suisun or Honker Bays and the last two in the western Delta.. The relationships of
chlorophyll to salinity class were then determined separately for each of these position
categories.

The differences in chlorophyll among categories of- EZ position were not as clear as
previously reported, but were significant (Figure 29 <0.01, analysis of variance of data in
salinity class 12-18). The means and confidence limits of chlorophyll across the broad peak
(Salinity classes 14-19) show that the two intermediate EZ positions had higher mean
chlorophyll concentrations than the uppermost or lowermost positions. However, in salinity
classes 9-12, chlorophyll was highest when the EZ was in the most downstream position.
This offers some support, on the basis of the entire time series, to the ABC model.

The cell count data are available from 1975 on. I analyzed data for only a few common
diatoms since these are reported as important in the entrapment zone, and some are known
to provide good food for herbivores (e.g., Cahoon, 1981). .

The diatoms Thalassiosira sp. and Skeletonema costatum were most abundant when the EZ
was at intermediate positions, based on monthly means (Figures 30 and 31). This provides
some support with earlier findings (Arthur and Ball 1980, Cloern et al. 1983) showing that
these diatoms were most abundant when the EZ was downstream, although high values
occur when the EZ is as far upstream as the confluence of the Sacramento and San Joaquin
Rivers. However, the operationally defined EZ position is about 5 km upstream of the
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actual center of the turbidity maximum (Figure 12), so the proposed mechanism appears to
hold in these data as well.

It is not surprising that the monitoring data show less effect of EZ position than data
previously reported. Those data were taken in studies designed specifically to answer
questions about the EZ. The monitoring program has broader objectives and is not as well
suited to answering specific questions about the EZ. Many of the monitoring stations are
upstream of the EZ for much of the time, and only a small number of samples are taken
each month from within the EZ.

3.5 ZOOPLANKTON

The data in the DFG data set consisted of abundance (number /m?) of adults of Eurytemora
affinis and all sizes > 4mm of Neomysis mercedis. Neomysis has been sampled since 1968
but for consistency with other zooplankton data we have considered only the samples taken
from 1972 on. Several other species are discussed in Section 2.4.2,

3.5.1 Responses to Salinity

The distribution of any estuarine species will have a peak of abundance in a region of
optimum salinity and a decline toward zero at higher and lower salinities. Eurytemora has
a broad abundance peak at a salinity around 2 (Figure 32). The apparently steeper drop
toward higher salinities is an artifact of the choice of salinity classes, since there were few |
classes above the peak. The corresponding distribution of geometric mean values vs. salinity |

(Figure 33) gives a better perspective of the response of this species to salinity but is less
useful for analytical purposes, since the low-salinity end of the distribution, which contains
most of the samples, is compressed to the left-hand part of the graph.

Similar plots for Neomysis (Figures 34 and 35) resemble those for Eurytemora, except that
the abundance of Neomysis at low salinities is a greater proportion of the peak abundance
than for Eurytemora. The abundance peaks of both species were at a salinity of 2.

Eurytemora affinis is known to have a broad tolerance to salinity from nearly 0 to about 20,
with an optimum at 12, based on laboratory data (Roddie et al. 1984). Neomysis mercedis

is found in freshwater: its name comes from Lake Merced, where it thrives, and Heubach .

(1969) found that rates of reproduction were highest from freshwater to a salinity of 3.6.

The distributions of these species are therefore regulated not only by salinity. Other

potential regulatory factors include interactions between behavior and the complex
circulation of the estuary, and spatial differences in birth and mortality rates.

3.5.2 Historical Trends
To obtain a clear record of the historical trends in abundance of the entrapment zone

species, anomaly values were calculated by subtracting the means for each combination of
salinity class and month from the data. These anomaly values were then combined by year
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to get means and confidence intervals for each annual value. Plots of these values by year
(Figure 36) show that Eurytemora declined in the 1970s and again in 1987-88. A linear
regression of annual mean abundance vs. year (through 1987) is significant (p<0.001), as is
a quadratic regression (p<0.001). The latter gives a better fit to the data because of the
apparent leveling off around 1979 (Figure 36).

The decline in 1988 cannot be tested using annual means, since there is only one point in
the data set so far. Using the monthly mean anomalies gives a significant difference
between 1988 and earlier years but involves some statistical constraints (the assumption of
independence may be violated). Nevertheless, the difference between 1988 and previous
years is exceptionally large, representing a 3-fold factor difference between 1988 and 1983,
the next lowest previous year. Furthermore, data for 1989 and 1990, not yet in the data set,
show that the abundance of Eurytemora has remained exceptionally low.

There has been some concern that the interior Delta has become less suitable habitat for
young striped bass than it once was, and there is speculation that the early decline in
Eurytemora was more severe in the Delta than in Suisun Bay. Keeping with the practice of
referring the data to salinity rather than location, it is clear that the decline occurred equally
throughout the system. The decline in Eurytemora abundance in the 1970s occurred in all
salinity classes but was, if anything, steeper in the classes near the center of the abundance
peak (Figure 37), and least in class 20.

In addition, it has been suggested that the decline may have been greater in spring months
when striped bass larvae enter the estuary. This is also.incorrect; the slope of the decline
was greater in the summer and fall than in the spring (Figure 38).

The abundance of Neomysis was apparently higher in the first four years of the study than
in 1976-87 (Figure 39; p<0.001, Mann-Whitney U test using annual means). This is similar
to the patterns seen for several species of freshwater zooplankton (S. Obrebski, pers.
comm.). In addition, the abundance of Neomysis apparently declined in 1988 as compared
to previous years, but was not as low as in 1977 (Figure 39).

3.5.3 Effect of Position of the EZ

The position of the EZ was determined by the operational definition (Section 3.2.2).
Frequently in March and November the sampling program did not cover a sufficient range
of salinities to effectively sample the EZ, so this analysis is confined to April through
October. The core data set plus downstream stations were used to extend the salinity range
as far as possible. Log-transformed abundance data for Eurytemora and Neomysis were
combined with data on position of the EZ for each month and year. Anomalies were not
used because the salinity pattern was of interest, and because the EZ is further downstream
in the spring months than in the summer. The position data were divided into four
categories and the analysis performed as reported in section 3.4.

3-10



~

The results for Eurytemora show a shift in peak abundance toward higher salinities, and a
narrowing of the peak, when the EZ is upstream than downstream (Figure 40). There is
little difference in peak abundance. In Figure 41, the long-term linear trend with years has
been removed and the means of the 5 highest contiguous abundance values (i.e., the peak
values) calculated by season. These peak values differ significantly among EZ positions for
the fall season, with the highest values when the EZ is between 72 and 92 km from the
Golden Gate Bridge. In spring, the differences are not quite significant (0.05<p<0.1), with
the two highest means being those with the most downstream EZ position.

Neomysis abundances were lower when the EZ was upstream (Figure 42), but this pattern
also changed by season and was correlated with temperature in some cases. Since the
temperature was higher when the EZ was upstream, I calculated regressions of log Neomysis
abundance, from the 5 contiguous salinity classes with the highest abundance as for
Eurytemora, vs. temperature separately for each season, and used the residuals in an analysis
of variance to test for differences among EZ positions. This removed the confounding effect
of temperature to the extent that this effect is linear. The differences among EZ positions
were significant in all cases (Figure 43, p<0.01, Analysis of Variance), with the lowest values
always when the EZ was above 92 KM from the Golden Gate Bridge. In spring, as for
Eurytemora, the highest abundance was with the EZ at its furthest downstream position,
while in fall Neomysis was about equally abundant for all EZ positions below 92 km.

These results agree with those obtained by Arthur and Ball (1980) and Cloern et al. (1983)
and reiterated in Section 3.4 for chlorophyll. The cause is not clear. Although there is
reason to believe that phytoplankton grow better in shallow than deep waters owing to
differences in light for photosynthesis, estuarine zooplankton in general avoid the surface
and therefore are usually less abundant in shallow than in deep water. A comparison of
abundance anomalies of Eurytemora at the two shallow stations in Suisun and Honker Bays
with values from nearby deep stations shows no significant difference (Figure 44). Therefore
a higher growth rate in the shallows is unlikely, and another mechanism for concentration
must be sought.

3.5.4 Effects of Export Pumping

The potential for effects of export pumping on zooplankton abundance is addressed in this
section. Other possible causes of the relationship between EZ position and zooplankton
abundance are discussed in Sections 3.5.5 and 4.2.

A possible cause of reduced abundance when the EZ is upstream is direct removal by the
water projects. I have examined this question in two ways. First, if removal by the projects
is important, abundance of Eurytemora should be higher in the San Joaquin than the
Sacramento River. Figure 46 shows the difference in abundance anomaly between stations
in the two rivers matched for distance up the estuary, separately for each of the four ranges
of EZ position. Using the anomalies eliminates effects attributable to salinity, and using
matched stations eliminates effects of distance upstream. Anomalies were always
significantly higher (ANOVA, p<0.01) in the Sacramento River when the EZ was upstream
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of the confluence (Figure 46). This may suggest that reverse net flows in the lower San
Joaquin River, which generally occur when the EZ is upstream, draw zooplankton upstream.
Anomalies were higher in the San Joaquin at the upstream stations when the EZ was
downstream of the confluence (Figure 46), probably because flows are higher in the
Sacramento River than the San Joaquin when the EZ is downstream (based on examination
of DAYFLOW values).

To determine the effect of export pumping on populations of EZ zooplankton, I used two
approaches. The first is based on the relationship between salinity and abundance of the
two species, and on the salinity of exported water. This does not generally exceed 0.25, at
which abundances of both Eurytemora and Neomysis are less than 10% of their mean
abundances within the EZ (Figures 32 and 34). The export rate is about 0.01 km*d in
summer, based on DAYFLOW values. When the EZ is upstream its volume is about 1 km®
(Figure 16). Assuming that the population size is approximately equal to the volume of the
EZ multiplied by the long-term mean abundance from Figures 32 and 34, and that the
abundance-salinity relationships upstream of the EZ represent a mixing process, the
proportion of the population exported will not exceed about 0.1%/d, since the volume
exported is 1% of the EZ volume and the maximum abundance exported is not over 10%
of the EZ abundance.

For an alternative analysis, I used data from two stations in the southern Delta, one in Old
River and one in Middle River. For each month, I calculated the abundance of Eurytemora
in each of these locations. I used the DAYFLOW values for mean monthly exports to
obtain the pumping rate. I assumed as a worst case that all of the water going to the pumps
came upstream through the Old and Middle Rivers, and that none of it came from the San
Joaquin. This allowed me to avoid any questionable assumptions about flow splits within
the Delta, resulting in a very conservative figure for the rate of removal of Eurytemora from
the population. Next I calculated the mean abundance for each km of distance along the
estuary and converted this to absolute abundance (total numbers per km) by multiplying by
the estimated cross-sectional area. I then summed these values to obtain the size of the
population for each month. Finally, I divided the population size into the estimated rate of
removal by the pumps to arrive at the proportion of the adult population removed per day.
I assumed that juveniles of the same population would be removed at the same rate.

The median percent exported was 0.06%/day (Figure 45). Three values over 10% appear
to have been spurious, based on examination of the raw data. About 13% of the values
were over 1%/d, and many of these values were in late 1987 to 1988 when abundances were
greatly reduced in the entrapment zone. Typical reproductive and growth rates of copepods
of this size at spring to summer temperatures are 10-20%/d (Burkill and Kendall 1982,
Kimmerer and McKinnon 1987). This result, confirms that from the cruder calculation
described above to show that export pumping has rarely (if ever) had a direct effect on the
copepod population.
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3.5.5 Correlations of Zooplankton With Measures of Food Concentration

An additional possible explanation for the higher abundance of zooplankton when the EZ
is downstream is that food (as measured by chlorophyll) is higher (Orsi and Mecum 1986).
Although it is true that the two variables are correlated, the relationship appears to be a
result of similar (mainly physical) causes of the spatial and temporal patterns. If anomaly
values with salinity and seasonal patterns and annual trends removed are used for both
variables, the regression is still significant (p<0.001), but explains only 0.3% of the variance
in the Eurytemora anomaly, and 0.1% of the variance in the original data. If monthly means
are used, even this minor effect disappears. Thus the relationship between Eurytemora
abundance and chlorophyll seems to be a result of similar relationships of these variables
to other factors such as salinity, season, and long-term trends.

A correlation between inverse Secchi depth and Eurytemora abundance is more robust, with
r?=0.035; that is, turbidity explains about 3.5% of the variance in Eurytemora anomaly
(p<0.001). This may suggest that some of the variation in Eurytemora abundance is an
artifact of the influence of light levels on vertical distribution, or it could simply mean that
both variables respond similarly to changes in physical conditions. This correlation is
unlikely to have arisen from a sampling artifact, since the samples are taken by oblique tows
from the bottom to the surface, and the vertical distribution of Eurytemora is broad (J. Orsi,
DFG, pers. comm.).

3.6 STRIPED BASS

Considerable analysis has gone into the data on striped bass, and relatively little new analysis
has been done for this report. A great deal more could be done, particularly with the data
on spatial and temporal distribution of bass larvae. These data consist of abundances of
eggs and of larvae in 1-mm size intervals from samples taken every 4 days at a large number
of stations. A thorough analysis of these data to determine spatial and temporal patterns
of growth and mortality would require considerable effort including a calibrated
hydrodynamic model, which is not yet available.

Most of the analysis presented here uses the annually aggregated abundance indices, which
consist of time- and volume-weighted total numbers of striped bass eggs and of larvae in
each size class. Several assumptions are implicit in this use of the data: 1) That growth and
mortality of a given size class are nearly constant within any one year; 2) That exchange
among various parts of the habitat is sufficient to insure that a single population exists, i.e.
that there are not subpopulations isolated from each other; and 3) That sampling is frequent
enough to obtain a reliable average of abundance at all stages. This is clearly not the case
for eggs, which occur in large peaks of only a few days’ duration (USBR 1990). However,
the sampling interval may be sufficiently short to sample adequately the larvae, since they
take several days to grow 1mm (DFG 1988b).

As pointed out in Section 2.4.3, striped bass are not confined to the entrapment zone, but
they are most abundant there. Figure 47 presents the median salinity class of striped bass
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larvae by size class for 1986. The earliest larvae, 3-5 mm in length, were in relatively fresh
water, but as the larvae developed they occupied a generally increasing salinity regime so
that the largest larvae were most abundant at the upstream edge of the entrapment zone.
Given that the actual entrapment zone is somewhat upstream of the operationally defined
location when flow is high (as it was in 1986), this indicates that these fish are strongly
concentrated in the EZ. This is consistent with the behavior of larvae loss (Section 2.4.3).

The contention of DFG is that the egg supply has declined, resulting in lower young-of-the-
year indices (YOY). By any of the three indices, egg abundance has indeed declined over
the period from 1969 to about 1980, and has then leveled off (Figure 48). Although the
discrepancy among the egg abundance indices is as much as a factor of 5, all indices show
a decline in egg abundance. Relative survival from egg to YOY, calculated as the log of the
ratio of YOY to the egg indices, has apparently not declined over this time period by any
measure of egg abundance (Figure 49); in fact, the highest values of relative survival °
occurred in the 1980s. Interannual variability in this survival index is large, however, with -
up to a 10-fold variation in YOY for a given number of eggs. This interannual variability
is significantly related to position of the EZ (Figure 50; p<0.001, R? = 0.33, linear
regression), although flow explains somewhat more variance (R? = 0.43).
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4.0 DISCUSSION

The following section attempts to answer each of the questions posed in the Introduction
to the extent possible, and to evaluate the ability of the previous literature and this analysis
to answer them. The next section discusses a number of hypotheses for the enhancement
of zooplankton abundance at intermediate or downstream positions of the EZ. Next,
recommendations are provided for future data gathering and analysis, and a series of
conclusions is presented.

4.1 QUESTIONS ON THE ENTRAPMENT ZONE

This section presents points relevant to answering each of the questions posed in the
Introduction. It also discusses the utility of the monitoring data in providing answers not
available in existing reports. To minimize repetitive citations, each point made is
accompanied by the numbers of the previous sections in which they have been discussed.

4.1.1 Characteristics of the Entrapment Zone in the San Francisco Bay Estuary

In general, the physical, chemical, and biological characteristics of the EZ have been well
known for over a decade. Analysis of the monitoring data has provided only a few
additional insights. This does not reflect a deficiency in the data (or, I hope, the analysis),
but rather reflects the fact that considerable effort has gone into special studies designed to
address specific questions regarding the entrapment zone.

The following key points have emerged regarding the entrapment zone of the San Francisco
Bay estuary (Numbers in parentheses are sections where these are discussed):

. The EZ is a persistent feature of the estuary.

. The operational definition of the EZ used by Arthur and Ball (1979), i.e. a salinity
range of 1-6, should be regarded as a useful surrogate for actual data on velocity
profiles for determining the approximate location of the EZ (3.2.2).

. The operationally defined EZ moves up and downstream in response to flow, but
with considerable variation due to effects of wind and tide (2.2, 2.3, 3.2.2).

. As the operationally defined position of the EZ varies from 65 to 95 km from the
Golden Gate Bridge, the difference between the actual position and the operationally :
defined position varies by about 8 km. This is because the operational definition uses
surface conductivity, ignoring the increase in stratification occurring with a more
downstream position of the EZ (3.2.2).



. The concentration of particles, chlorophyll, some phytoplankton and zooplankton
species, and larval stages of Delta smelt and striped bass are enhanced in the EZ
(2.3, 2.4, 3.4, 3.5, 3.6).

. Nutrient concentrations are not remarkably different in the EZ than elsewhere (3.3).
4.1.2 Importance of the EZ to Biological Production

Biological production has two components, biomass and growth, either or both of which
could vary within the estuary. Although growth is rarely measured, primary production and
phytoplankton biomass have been measured fairly often. Again, the importance of the EZ
to biomass or abundances of most species has been fairly clear for some time. Key points
arising from this analysis are:

. Phytoplankton specific growth rate is probably depressed in the EZ relative to other
areas of similar depth because of reduced light penetration (2.3, 2.4, 3.2.2).

. Phytoplankton biomass is enhanced, probably by simple entrapment of species with
sinking rates in a certain range (2.4, 3.4).

. There is no evidence that growth rates of zooplankton are higher in the EZ than out
of the EZ (2.4.2).

. Based on the (limited) evidence to date, it is likely that the elevated abundance of}

zooplankton and fish are a result of entrapment rather than a response to hlgher
food levels (2.4.2, 2.4.3, 2.5).

. Similarly, production of zooplankton and fish is probably more closely related to

biomass than to growth rate, which may be.less spatially variable than biomass.
Therefore production of entrapment zone species of zooplankton and fish is also
higher in the EZ than outside (2.4.2, 2.4.3).

4.1.3 Importance of EZ Position to Abundance or Production

The relationship of phytoplankton to EZ position was well described, and its probable cause
explored, by Arthur and Ball (1980) and Cloern et al. (1983). These results were based on
sampling and experimental studies designed specifically to elucidate the cause of the
observed variation in phytoplankton biomass with EZ position. Therefore examining the
monitoring data has added little to that area. The analyses of striped bass and Delta smelt
have also received a great deal of attention, and little has been gained by further analyses
of the striped bass data (but see Section 36). Because the zooplankton have received less
scrutiny and have not been the subject of many special studies, there was a somewhat
greater opportunity to learn more of the effect of EZ position on these species than on
others. To summarize, the following statements can be made regarding the effect of EZ
position:
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The volume of habitat, defined as a range of salinity values, is highest when the EZ
is downstream and lowest when it is upstream (Figure 16).

If abundances did not change with EZ position, total population sizes would be
greater when the EZ is downstream (based on above). '

Phytoplankton production is enhanced when the EZ is downstream, most likely by
the mechanism proposed by Cloern et al. (1983) (2.4.1).

Abundance of Eurytemora is marginally higher when the EZ is below 72 kg in spring,
and significantly higher when the EZ is between 72 and 92 km in fall, compared to
other positions (3.5.3).

Abundance of Neomysis is significantly higher when the EZ is below 82 km than
when it is upstream, for the entire dataset through 1987 (3.5.3).

These differences in abundance imply a difference in production, since there is no '
reason to expect higher growth rates when the EZ is upstream (2.4.2, 3.5.3).

Striped bass move down into the EZ during larval development. Survival from egg \
to YOY is positively correlated with position of the EZ, but since correlations of |
survival with flow are higher, the relationship with EZ may actually indicate a J

relationship with flow (2.4.3, 3.6).

Delta smelt indices are also positively related with EZ position, but it is not clear }

whether this is a direct relationship or the result of covariance with flow (2.4.4).

4.14 Relationshipbof Historical Declines to Changes in the EZ

The position of the EZ is related to flows, which have changed substantially over the last
decades both in quantity and timing (Nichols et al. 1986). However, more recent changes
in the estuary do not appear to be related to EZ position, as discussed below:

During 1972-88, when the data analyzed here were collected, export flows increased \

by about 3000 cfs (3.2.1).

During the same period, no consistent trend in EZ position is apparent, mainly |

because wide interannual variations in Delta inflow masked the trend due to the :

increase in exports (3.2.1).

Most of the measures of biological abundance and (implied) production declined
significantly over the period 1972-88. These included chlorophyll, abundances of
Eurytemora and Neomysis, striped bass YOY index, and Delta smelt abundance (2.3,
2.4, 3.4, 3.5, 3.6).
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Survival of striped bass from egg to YOY did not change over this period (3.6).

Most of the measures of biological abundance and production were related to EZ
position, with highest values when the EZ was below the confluence of the
Sacramento and San Joaquin Rivers (3.4, 3.5, 3.6).

The declines in abundance of these measures cannot be attributed to long-term
changes in EZ position because there was no trend in EZ position; in addition, the
magnitude of the differences in abundance among different EZ positions was much
less than the magnitudes of the declines for many of these measures (3.2, 3.4, 3.5,
3.6).

EZ position appears important in its relationship with relatively short-term,
interannual variation in biological indicators; that is, the long-term trends in
abundance are superimposed on fluctuations in abundance due partly to changes in
EZ position (from above statements).

For Eurytemora and Neomysis, the variation of abundance with EZ position is not due
to changes in exposure of the population to export pumping (3.5.3).

During the entire period 1972-1990, the most striking and apparently permanent
changes in the EZ have resulted from inadvertent introductions of new species.
These are unrelated to characteristics of the EZ other than its suitability as habitat
to new species, which would be difficult to predict (3.4, 3.5).

4.2 MECHANISMS FOR VARIATION OF ZOOPLANKTON AND LARVAL FISH WITH

EZ POSITION

A number of possible causes of the relationship between zooplankton abundance and EZ
position can be imagined. In this section I attempt to list them and to describe evidence for
or against each one. Larval fish are discussed below. Only one of these relates directly to
the position of the zone; the remainder ascribe the relationship to a correlate of EZ
position. When the EZ is downstream, flow is high, phytoplankton abundance is often high,
and stratification and presumably two-layer flow are strong. The postulated mechanisms
include:

1

A similar model to that proposed by Arthur and Ball (1980) and Cloern et al. (1983)
holds for zooplankton: that is, growth is faster in shallow than deep water and
therefore the population is larger when the EZ is adjacent to shallow water.

For: None

Against: Eurytemora abundance was not greater at a shallow station in Suisun
Bay compared to a nearby channel station (Figure 4.4). ) e |
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2)

3)

4)

5)

6)

Zooplankton removal by export pumping is enhanced when the EZ is upstream and
the zooplankton are more vulnerable to pumping.

For: Clear relationships exist between outflow and EZ position, and
between outflow and percent exported. In addition, the centers of
populations of EZ species are closer to the pumps and therefore more
vulnerable when the EZ is upstream.

Against: Even with the EZ upstream the amount exported was calculated to be
trivial. However, the actual export rate has not been determined.

Higher phytoplankton biomass and productivity when the EZ is downstream support
more rapid zooplankton growth and therefore higher abundance.

For: Abundances of EZ species are highest near the peak in chlorophyll.
In addition, the abundances of zooplankton have been remarkably
stable over the last decade (until 1988), suggesting a regulatory
mechanism such as food supply.

Against: Correlations between zooplankton and chlorophyll appear to be
artifacts of covariation of each to other variables. Also, there is some
experimental evidence that Eurytemora reproduction is not food
limited.

Higher input of organic matter to the EZ results in higher biomass of bacteria and
microzooplankton that provide alternative food sources to the zooplankton.

For: The concentrations of nutritive material and bacteria are higher in the
EZ than outside. Whether these change with EZ position is unknown.
Against: See #4.

The observed difference is an artifact caused by the sampling method.

For: None
Against: Abundances at shallow and deep stations were similar.

Behavioral mechanisms for remaining in the entrapment zone are enhanced by the
greater strength of two-layer flow.

For: There is ample evidence that tidally-mediated position maintenance is
common in estuarine zooplankton, and some evidence that it happens
in this estuary. There is no information with which to evaluate the
effect of variation in the strength of entrapment.

Against: None
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7 Complex circulation in Suisun and Honker Bays, caused by interactions of flow and
topography, provide a horizontally oriented entrapment mechanism that enhances the
more usual vertically oriented mechanism.

For: None
Against: None

At this point it would be virtually impossible to rule any of these out, but the first four are
unlikely to be correct. The similar abundances in shallow and deep water are evidence that
shallow water is not an unusually productive location. Furthermore, there is no a priori
reason to expect higher growth in the shallows, since zooplankton are not generally
dependent on light levels for feeding. The analysis reported above on abundance of
Eurytemora in Old and Middle Rivers suggests that export pumping is not a major source
of losses to the population. Furthermore, the lack of food limitation of Eurytemora in the
1988 experiments is a hint that zooplankton growth and abundance do not respond strongly
to increased abundance of phytoplankton or detritus.

There is a possibility that an artifact of sampling produced the results shown. Eurytemora
and Neomysis both remain near the bottom by day. The sampling method used, oblique
tows from near the bottom to the surface, may miss some organisms very close to the
bottom. If the vertical distribution changes with light level, for example, then a strongly
developed, turbid EZ would result in a higher catch since the animals would be further off
the bottom. However, the finding that abundances in deep and shallow stations did not
differ suggests that this is not a major problem.

The remaining mechanisms bear further investigation, since they appear to be the most
consistent with the available information. Mechanism 6 implies that either the zooplankton
detect and respond to changes in flow, or that their behavioral pattern is designed to
maximize entrapment under intermediate to high flows. This seems likely on the basis of
the extensive behavioral repertoire of zooplankton, but cannot be resolved with the
monitoring data.

Mechanism 7 is also likely to operate. Zooplankton populations are often enhanced near
topographic irregularities that result in eddies and other flow complexities (Trinast 1975,
Alldredge and Hamner 1980). The circulation of Suisun and Honker bays is complex, and
there is reason to believe that eddies can occur there. As with mechanism 6, there is no way
to resolve this with the data at hand.

Larval striped bass also appear to survive better when the EZ is downstream of the Delta
(Section 3.6), and Delta smelt may have higher year classes when the EZ is downstream
(Section 2.4.4). The mechanisms for these relationships probably include those listed above,
but some of the arguments presented do not hold for larval fish. For example, shallow
regions of the estuary provide habitat for some planktivorous fish including Delta smelt
(Moyle et al. in prep.), so maintenance of the EZ in Suisun Bay would provide more habitat
for this species. In addition, the interannual variability in growth rates of larval striped bass

46



probably indicates food limitation, so bass growth (and probably survival) would be enhanced
when the EZ is downstream. Of the above mechanisms, #1-3, 6, and 7 all appear
reasonable and somewhat supported by evidence (substituting zooplankton for
phytoplankton and fish for zooplankton).

43 RECOMMENDATIONS

Although the State Water Contractors are not directly involved in the monitoring programs,
they may find it useful to consider the following recommendations in discussing the goals and
operation of the sampling program with Interagency personnel. These recommendations are
aimed primarily at improving the utility of the raw data gathered by these programs. That
is, the raw data need to be converted into knowledge.

. Effort should be allocated in equal proportions between gathering data and analysis,
with procedures established to insure timely analysis, reevaluation of usefulness of the
data, and incorporation of the new knowledge into an accumulating conceptual
model.

. Effort should also be reallocated from monitoring to special studies, either sampling
and analysis for particular purposes or experimental work.

. The data storage system should be scrapped and replaced with a modern relational
database. o
. Some effort should be expended to determine the importance and role of microbial

and microzooplankton activity in processing nutrients and organic matter in the
entrapment zone. '

An additional series of recommendations relates to the need for a large-scale field study of
the entrapment zone. Such a study was discussed by several Interagency groups in 1989, but
may not be warranted until one or two wet years have passed and we can see what happens
with the introduced clam. If and when such a study were to be undertaken, it should be
designed carefully to answer the following questions:

. How well does the position of entrapment as determined by tidally-averaged velocity
profiles agree with the operationally defined location of the EZ?

. What is the relationship between surface salinity and salinity profiles at various EZ
positions and outflows?

. What is the relationship between the strength of entrapment, as determined by peaks
in concentration of various substances, and the position of the EZ?

. How do zooplankton and striped bass larvae move longitudinally in the estuary as a
result of their vertical positions?
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None of these questions is trivial. If the study is planned for several years from now, it
might benefit from close ties to a major study funded by the National Science Foundation
to examine similar questions in the Columbia River estuary. To the extent that the two
estuaries are similar, it would be very beneficial to maintain close ties with that project.
Several of the members of the Food Chain Group, myself included, are doing that now.

4.4 CONCLUSIONS

During the period of record from about 1972 to the present, no trend in EZ position is
evident, either for the data as a whole and for individual seasons. This is because the EZ
is most affected by outflow, which has had no consistent trend during this period and in
which, variation within and between years is large enough to swamp the variation due to
increasing exports. This is not to say that exports have had no effect, merely that during this
time period the increase in export flows formed a minor part of the variation in outflow.
In fact, exports have averaged about 34% of exports plus outflow for the entire period, a
substantial fraction. An increase of outflow of this magnitude would move the EZ
downstream on average by about 5 km. In the summer exports are about equal to outflow, |
and elimination of exports (and maintenance of inflows) would move the EZ downstream |
by about 8 km.

The key conclusions of this effort are as follows:

. The entrapment zone is as important to the estuary as has been maintained by
previous reports, in that it is the most productive area for phytoplankton and
zooplankton. ‘

. The location of the entrapment zone is correlated with abundance of many of the

biota of the estuary, but the mechanism for this is unknown; in fact, the correlation
may be due to underlying relationships with flow, strength of entrapment, or other-
variables rather than a direct effect of EZ position.

. The importance of the entrapment zone to striped bass is not fully demonstrated,
although the growing evidence that larvae are food limited suggests that variation in
zooplankton could be important to bass, and therefore that bass survival should be
higher in the EZ.

. Although export pumping has increased during 1972-88, the larger interannual
variation in Delta inflow has masked any effect on EZ position during this period.

However, flows in Delta channels may have changed during this period.

. For maximum production of zooplankton the entrapment zone should be at least as
far downstream as the confluence of the two rivers.

. Declines in biological variables over the period 1972-1987 are significant but
apparently not related to changes in flow or position of the entrapment zone. J
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Recent changes in the estuary, particularly the introduction of Potamocorbula
amurensis, may make the above moot, at least as far as Eurytemora is concerned.

The existing monitoring programs have provided a good database for detecting trends
but have not included sufficient analytical effort to detect the changes in a timely
manner, nor have they incorporated the flexibility needed to respond to changes
detected.
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6.0 GLOSSARY

Abundance The number of organisms per unit volume or area, usually expressed as
numbers per cubic meter or square meter or multiples of those units. Equivalent to
Concentration or sometimes Density.

Abundance index A number assumed proportional to the total number of organisms in a
population (e.g. juvenile striped bass). This use is misleading, since it refers to
Population size (total numbers) instead of Abundance (defined above).

Analysis of Variance (ANOVA) A form of statistical analysis in which the total variance in
the data is partitioned into the variance from different sources, which is then
compared with the remaining (error) variance.

/~~maly The difference between a data value and the mean for some grouping or class
(e.g. year, month, salinity class).

Biomass The amount of weight or mass of living material in a given category per unit
volume or area, usually expressed as dry weight, carbon, energy, or for phytoplankton,
chlorophyll.

Chlorc—>-" A photosynthetic pigment found in all green plants. Chlorophyll a is used as
a measure of phytoplankton biomass. '

7--®2---5 limit A measure of the degree of certainty with which we can state a given
statistic. If we have a sample mean with 95% confidence limits, there is a 5% chance
that the actual population mean falls outside those limits.

Copepod A class of small crustaceans that make up the bulk of the zooplankton in the
ocean and most estuaries; these may be the first or second most abundant animals
on Earth.

Correlation A measure of the degree of association between two variables: a value of 1
means that they have an exact, linear relationship, -1 means that they are exactly but

inversely related, and 0 means that they are completely unrelated.

Non-liv. 2 ticula organic 1t - usually derived from living o1 icn ter.

Entrapment zone (EZ) The area of the estuary where flow convergence results in the
concentration of particulate matter; this usually operates through the interaction of
particle (or organism) sinking and net up-estuary flow at depth (See Operational
Definition below).

Estuarine turbidity maximum (ETM) An area of the estuary where turbidity is enhanced,
either by entrapment or other mechanisms.
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Gravitational ci~~lation Two-layer flow in an estuary, in which the slope of the surface of
the water trom the river to the ocean drives a seaward flow, while denser, saline
water is driven inward by the effect of the density gradient. These flows are often
detectable only as net (i.e. tidally-averaged) flows, if the tidal flows are much larger
than the freshwater flow.

Log transformation The process of taking logarithms of data so that the data are suitable
for parametric statistical testing (e.g, ANOVA, regression).

Null zone The location in the estuary at which net landward flow near the bottom ceases,
and all tidally-averaged flow throughout the water column is seaward. This generally
marks the upstream limit of the entrapment zone.

Operational definition of the EZ Since net flow velocities are difficult to measure except
under high-flow conditions, an operational definition of EZ position is required to
permit analysis of the effects of EZ position on characteristics of the estuary. The
operational definition used here (after Arthur and Ball 1980) is the salinity range of
1.2-6 (specific conductance of 2-10 mS/cm).

Phytoplankton Planktonic algae, consisting of single cells or chains of cells.

Plankton Pelagic (i.e., living in the water rather than on the bottom). Plants or animals that
are either small or have limited capabilities for motion.

Primary productivity The rate at which phytoplankton or other plants convert inorganic
carbon to organic carbon, usually expressed as carbon per unit volume or area per
hour.

Production The biomass of phytoplankton, zooplankton, or other group that is produced
in a given time, usually expressed in terms of carbon per unit area or volume per day
or year. It is equal to the product of biomass and growth rate averaged over the
population and the chosen time period. Note that the term Productivity (above) is
also often used in its more common meaning of capacity or ability to produce.

Regression A statistical technique for fitting a straight or curved line to a set of data.

Residual The difference between a data value and the value predicted by a regression line
or other statistical model.

Salinity The concentration of salt in water. In ocean water salinity is determined from a
fairly simple relationship with conductivity at 25°C. In the upper reaches of an

estuary, some of the conductivity is not due to sea salt, so the relationship changes.

Secchi depth The depth to which a Secchi disk, a white or black and white disk, can be
lowered and just remain visible; a measure of water transparency.
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Specific growth rate The rate of growth of an organism divided by its weight, expressed as
proportion (or percent) per day.

Specific conductance The electrical conductivity measured in a standard cell, corrected to
25°C, and expressed in millisiemens (mS) or microsiemens (uS) per centimeter of
distance.

Spring/neap tides An oscillation in amplitude (high tide minus low tide height) of the tides
on a 2-week cycle; the tidal amplitude can vary by over a factor of 2.

Turbulence Irregular motion of water caused mainly by shear between passes of water
moving at different relative velocities. Responsible for most small-scale mixing.

Zooplankton Animal plankton.
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Table 1. Salinity Classes Used in Data Analyses.

Salinity Specific conductance (mS/cm) Mean salinity
Class Range Mean
1 0.08 - 0.14 0.10 0.059
2 0.14 - 0.16 0.14 0.079
3 0.16 - 0.18 0.16 0.088
4 0.18 - 0.20 0.17 0.098
5 0.20 - 0.22 0.19 0.109
6 0.23 - 0.26 0.22 0.123
7 0.26 - 0.32 0.25 0.141
8 0.32 - 0.40 0.30 0.166
9 0.40 - 0.56 0.38 0.212
10 0.56 - 0.80 0.53 0.297
11 0.80 - 1.21 0.78 0.441
12 1.21 - 1.93 1.21 0.681
13 1.93 - 3.16 2.00 1.134
14 3.16 - 4.78 3.30 1.872
15 4.78 - 6.84 5.04 2.880
16 6.84 - 9.24 7.28 4.191
17 9.24 - 12.0 9.71 5.627
18 12.1- 153 13.0 7.627
19 15.3 - 20.2 16.8 9.965
20 202 - 41.8 23.3 14.115
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Figure 1.

Schematic diagram illustrating the conceptual model of an entrapment zone.
The shaded areas indicate the location of the turbidity maximum.
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Figure 2. Schematic showing the effects of river flow, shear, and tides on salinity profiles in the
estuary. a. No tides, no shear between layers. b. Shear but no tide. ¢. Both shear and tide.
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Figure 7. Anomaly in percent export flows, annual means and 95% confidence limits.
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Figure 22.  Nitrate concentration anomaly vs. time for spring and summer, seasonal means and 95% confidence limits for
summer only.
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means and 95% confidence intervals.
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Figure 27.  Time trend in chlorophyll anomaly vs. time, annual mean and 95% confidence limits from DWR dataset.
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Figure 28.  Time trend in the ratio of chlorophyll to total pigment vs. time, annual mean and 95% confidence limits from
DWR dataset.
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Figure 30.  Thalassiosira spp. Monthly mean abundance vs. EZ position. Zeros have been eliminated.
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Figure 31.  Skeletonema costatum. Monthly mean abundance vs. EZ position. Zeros have been eliminated.
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Figure 32.  Eurytemora affinis. Mean and 95% confidence intervals by salinity class.
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Figure 33.  Eurytemora affinis. Geometric mean abundance and 95% confidence intervals converted to antilogs (upper and
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Figure 34.  Neomysis mercedis. Mean and 95% confidence intervals by salinity class.
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Figure 40.  Eurytemora affinis. Abundance vs. salinity class for 4 categories of entrapment zone position determined as
distance from the Golden Gate Bridge.
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Figure 42.  Neomysis mercedis. As in Figure 39.
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Figure 43.  Neomysis mercedis. As in Figure 41, except that temperature relationship has been removed.
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Figure 47. Median position in terms of salinity of striped bass larvae vs. larval length.
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transformed.
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Figure 49.  As in Figure 48 for relative survival of eggs to young of the year. Each value is calculated as the ratio of YOY
index to egg index, scaled by the 1975 value, and log transformed.
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Captures of larval delta smelt indicate that spawning can take place in fresh water any time from
late February through May, when water temperatures range from 7 to {5°C (Wang 1986). Spawning
occurs in shallow water along the edges of the rivers and adjoining sloughs (Radtke 1966; Wang
1986) but spawning behavior has not been observed. Delta smelt embryos are demersal and adhesive,
sticking to substrates such as rocks, gravel, tree roots, and emergent vegetation (Moyle 1976, Wang
1986). Hatching occurs in |2-14 days, assuming development rates of the embryos are similar to .
those of the closely related wagasaki, H. nipponensis (Wales 1962).

After hatching, the buoyant larvae are carried by currents downstream into the mixing zone of the
estuary where incoming saltwater mixes with outflowing fresh water (Peterson et al. 1975; other
synonyms or related terms for this region include null zone, entrapment zone and zone of maximum
turbidity). The mixing currents keep the larvae circulating with the abundant zooplankton that also
occur in this zone (Orsi and Knutson [979; Siegfried et al. 1979; Stevens et al. 1985). Growth is
rapid and the juvenile fish are 40-50 mm fork length (FL) by early August (Erkkila et al. 1950;

Ganssle [966; Radtke 1966). Delta smelt become mature when 55 to 70 mm FL and rarely grow
larger than 80 mm FL. The largest delta smelt on record is 126 mm FL (Stevens et al. 1990). Delta
smelt larger than 50 mm FL become increasingly rare in samples in March through June, indicating
that the vast majority of adults die after spawning, completing their life cycle in one year (Erkkila et
al. 1950; Radtke 1966; unpublished data, CFG and UCD).

Methods

Sampling. Only two smelt species commonly occur in the Sacramento-San Joaquin Estuary. delta
smelt and longfin smelt; once past the larval stages, they are easily distinguished on the basis of
color, smell, and gross anatomy (Moyle {976; Wang 1986). Delta smelt were collected in four
independent surveys: (1) a summer townet survey of the California Department of Fish and Game
(CFG), (2) an autumn midwater trawl survey in the upper estuary by CFG, (3) a monthly midwater
trawl survey in the lower estuary by CDFG (bay survey), and (4) a monthly otter trawl survey of
Suisun Marsh by the University of California, Davis (UCD). In all surveys, fish captured were
identified, measured (FL in CFG studies, SL in UCD study), and either returned to the water or
preserved for dietary analysis.

The summer townet survey samples the Delta and Suisun Bay during June and July, to determine
the abundance of young striped bass (Turner and Chadwick 1972). The sampling gear and methods
are described in detail in Turner and Chadwick (1972) and Stevens (1977b). This sampling program
began in 1959 and has been conducted in all subsequent summers except 1966, although no records
were kept of smelt numbers in 1967 and 1968. On each survey, three tows are made at each of 30
sites; two to five surveys are made each year at two week intervals. To standardize efforts among
years, for this study we only used the data from the first two surveys of each year. Annual
abundance indices for delta smelt were calculated by summing, over all sample sites, the products of
total catch in all tows at a site and the water volume at the site in acre feet (Chadwick [964). The
index for each year is the mean of the indices for the two surveys. divided by 1000. Except during
wet years (when the smelt are washed into San Pablo Bay), this survey covers the nursery areas of
delta smelt, so should provide a good indication of abundance in early summer.

The autumn midwater trawl survey is conducted using a trawl 17.6 m long with a mouth opening
of 3.7 m2, described by Von Geldern (1972). The trawl was dragged at about 70 cm/s and was most
effective in catching fish <10 cm long. Collecting stations were established in standardized locations
scattered from San Pablo Bay through Suisun Bay and the Delta, upstream to Rio Vista on the
Sacramento River and Stockton on the San Joaquin River. Each month, unless prevented by severe
weather or malfunctioning equipment, 87 stations were each sampled with one |2-minute, depth-
integrated tow. Surveys were conducted during September, October, November, and December from
1967 through 1989, except in 1974 and 1979, in November 1969, and in September and December
[976. Monthly abundance indices for delta smelt were calculated by summing, over |7 subareas of
the estuary, the product of the mean catch per trawl in each subarea times the water volume in each
subarea. The annual abundance index is the sum of the four monthly indices; abundance indices for






outflow. At each sampling station in the Bay and UCD studies and at many of the sampling stations
of the summer and autumn surveys, conductivity and/or salinity, and temperature were measured at
the surface by various means. Some conductivity measurements were also made with a conductivity
bridge in the laboratory, from water samples collected in the field. To determine the location of the
mixing zone, we used conductivity data collected monthly since January 1981 by the Bay Study. in
which both surface and bottom conditions were measured by mounting the probe on a weighted
support and dropping it to the bottom and retrieving it to the surface. Values of salinity were ~
calculated from the measured conductivities and temperatures. Large differences in salinity between !
the surface and bottom indicated the presence of stratification, as incoming fresh water is less dense.
than tidal salt water. A small salinity difference indicated a well-mixed water column or stations
located entirely in fresh water.

A single depth measurement (m) at mean low water was used to characterize edach study site for
the length of the study, although factors such as tide and outflow resulted in depths at each site
varying as much as one meter among sampling times.

Data used to examine monthly amounts and patterns of freshwater outflow were obtained from the
DAYFLOW program of the California Department of Water Resources (DWR). This program
estimates, from various measurements made by DWR, a number of variables related to the amount of
fresh water flowing through the estuary, including net delta outflow, the proportion of water being
diverted, and the amount and direction of flow in the lower San joaquin River (DWR !986).

Results

Feeding Habits

Postlarval delta smelt (mean SL |5 mm, n=24) fed exclusively on copepods; the stomachs of the
1977 fish contained 68% Eurytemora affinis, 31% Cyclops sp., and |% harpactacoid copepods.
Adults fed largely on copepods at all times of the year, although cladocerans were seasonally
important, with opossum shrimp, Neomysis mercedis, usually of secondary importance (Table [). In
the 1972-1974 samples, the principal copepod species eaten was Eurytemora affinis, but in the 1988
samples the dominant copepod was the introduced species Pseudodiaptomus forbesi. A few
Sinocalanus doerrii, another exotic species, were also eaten in 1988.

Fecundity

Mean corrected fecundity for delta smelt (n=24) was 1907 eggs, with a range of (247 to 2590
(uncorrected mean was 2191, with a range of 1433 to 2975). Lengths of fish examined were from 59
to 70 mm SL. There was no relationship between length and fecundity. All eggs were about the
same size, so each fish probably spawned over a fairly short period of time.

Abundance Trends

In the two long-term studies, catches of delta smeit varied widely across years (Figure 2). In the
summer townet survey, the peak index of 62.5 in 1978 was 78 times greater than the lowest index of
0.8 in 1985, Prior to 1980, the index usually fluctuated between 10 and 40. After 1980, the index
declined and has remained below 10 since 1982. While similar low indices occurred in 1963, 1965,
ard 1969, they did not occur in consecutive years. In the autumn midwater trawl survey, the highest
ndex was “78 (in 1970), which was |5 times greater that the fowest index of 109 (in 1985). Until
1980, the index usually fluctuated between 400 and 1800 (mean catch of 1-5 smelt per trawl). After
1980, the index was consistently less than 400 (mean catch of less than one smelt per trawl). The
frequency of occurrence of delta smelt in the autumn trawls has aisc declined (Figure 3). Unril 1981,
delta smelt were found in 30 to 75 percent of the trawl catches. After 1981 they were never caught
in more than 25% of the trawls. :

The trends of decreasing numbers of delta smelt is reflected as well in the annual catch data from
the CFG bay survey and the UCD Suisun Marsh survey, for which effort was more or less constant
(Figure 4). In both surveys, delta smelt catch declined dramatically after 1981 and numbers have
remained low. In the bay survey, delta smelt were caught in a!l months from 1981 through 1984 but
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only in 9 months in 1985, 10 in 1986, 6 in 1987, and 5 in 1988. During the || year Suisun Marsh
< 2y, 468 delta smelt were collected, all but four before 1984, v 1 a peak catch of 229 fish in
1231,

Because of its one-year life cycle, deita smelt abundance is potentially limited by egg production
of the previous year class. However, the wide year-to-year variabi v in abundance shown by this
species prior to its decline in 1981 shows little evidence of effect ¢ rarent population size on
subsequent recruitment. A spawner-recruit relationship based on e autumn midwater trawl data
from successive years explained only about one quarter of the yea o year variability (r2=.24,
n=19). The weak stock-recruitment relationship suggests that environmental factors severely limit |
delta smelt abundance, even in years of high population size.
Environmental factors

Delta smelt are most abundant in shallow, low salinity water associated with the mixing zone in
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the estuary, except when they are spawning. In the bay suwey@ of the.catch of delta smelt T
Suisun Bay occurred at three stations less than 4 m deep. The rem=ining 38%\yvere captured at six -
deeper stations. The salinity profiles from the bay study show tha nostofthé catches of delta sr’helﬂ
occurred in Suisun Bay upstrea »~ of areas where there was a large ‘ifference between surface and
bottom salinities or in the cha: "=is of the lower Sacramento and L_.i Joaquin Rivers (Figure 5). A
small peak in abundance regulariy occurred downstream of the mixing zone at a shallow station
adjacent to a tidal marsh. Delta smeit were captured in salinities of 0 to [4 ppt i{= 2ppt,n=
281) and at temperatures of 6 to 23°C (= 15°C, n = 281). No re'-sionship was found between

T
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surface temperature at each station and delta smelt distribution, b ause temperature showed more J :

variation among months than between stations.
Between 1981 and 1984, the mixing zone was located in Suisur "ay during October through

March, except during months with exceptionally high outflows. D ing April through September, the
mixing zone was usually found upstream, in the channels of the riv 's. Since 1984 the mixing zone
has been located mainly in the channels of the rivers during all mc  hs of the year, except during one
period of record outflow in [986. This shift in the zone's location uring winter coincides with an
upstream shift and narrowing of the location of the delta smelt po, lation to the deeper water of the
main river channels (Figure 5). -

The seasonal concentration of delta smelt in fresh water for awning is shown by the change W
in surface salinities at trawi sites where smelt were captured (Figure 6). After September they are |
found in increasingly less saline sites. The capture in fresher wate loes not result in a change in J
geographic distribution until several months later. From Decemb  to April (when young of year are
usually first caught), they are almost entirely restricted to freshwa - :

Relationship of Abundance to Outflow

Movement of the mixing zone into river channels in the Delta i related to the sporadic decrease
in inflowing water during years of low precipitation and the stead ncrease in the proportion of fresh
water diverted each year and month by the pumps and canals of t ~ State Water Project and federal
Central Valley Project. Since 1983, the proportion of water diverted during October through March
(first half of the official water year) has remained at high levels (Figure 7). Because high levels of
diversion pull Sacramento River water across the Delta and into t  channel of the San Joaquin river
downstream of the pumps, the net movement of water in the low  San Joaquin River is upstream
during these periods (Figure 8). The number of days of net rever flow of the lower San Joaquin
River has increasg;"during periods of low outflow and in response > steadily increasing rates of
diversion. Until 1984 years with more than > hundred days of re\ _.se flow happened quite
sporadically and seldom showed reverse flow during the defta smeit spawning season. n every year
since 1984, reverse flows have characterized the lower San Joaquin for more than 150 days of the
year an® n every year except |986 reverse flows have occurred for |5 to 85 days of the spawning -
season (F'gure 9). The restriction of the mixing zone to an area around the mouths of the rivers has,
therefore greatly increased the likelihood of disp'icement = ielta smelt. Reverse net flows in the
lower San joaquin have b==2n a constant feature of ~~e del": =zent years during the months when
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delta smelt are spawning except during 1986 when a tropical storm produced the wettest month on
record during what was otherwise a dry year.

The recent decline in delta smelt coincides with the increase in proportion of water diverted and
the confinement of the mixing zone to a small area in the river channels. Low catches during the
drought of 1976-1977 also coincided with record high proportions of water diverted. Increasing rates
of diversion since the earlier drought have resuited in greater proportionate diversion during the more
recent ¢r2ught, so that for 1988 the amount of water diverted exceeded the amount flowing out to
sea.

Despite the coincidence of increased diversion and delta smelt decline, the relationship between
outflows and delta smelt abundance is not a simple one as it seems to be for other species (Stevens
and Miller 1983). To see if delta smelt might be favored by moderate outflows, which would keep
them in Suisun Bay, we regressed the autumn midwater trawl abundance index on delta outflow and
delta outflow squared. Outflow2 would allow the regression values to decline if delta smelt abundance
peaked at moderate flows and declined at high or low flows. No relationship was found; all values of
r2 were less than 0.23, after running all possible two consecutive monthly subsets from February to
June These results may have been confounded by the fact that since 1982, most years have been
‘Unusually wet (1983) or unusually dry (1987-1991).

Discussion

The delta smelt is a species that is adapted to living in the mixing zone of the Sacramento-San
Joaquin estuary where it feeds on copepods and other zooplankton concentrated there. Because it has
a limited range, essentially a one-year life cycle, low fecundity, and planktonic larvae it is unusually
sensitive to changes in estuarine conditions. This sensitivity has caused its population to remain
extremely low since 1980. As Pimm et al. (1988) show, small species with variable populations,
such as delta smelt, become increasingly vulnerable to extinction as their populations decrease.

Thus, delta smelt fits the definition of an endangered species under the United States Endangered
Species Act (US-ESA), as it is in danger of extinction throughout its limited range. Given its
persistence through seven years of severe conditions, however, threatened status may be appropriate
instead.

The US-ESA provides five general reasons why a species may be threatened or endangered:

“(A) the present, or threatened, destruction modification, or curtailment of its habitat or range, (B)
over-utilization for commercial, recreational, or educational purposes, (C) disease or predation, (D)
inadequacy of existing regulatory mechanisms, or (E) other natural or manmade factors affecting its.
continued existence." There is no evidence that reasons B or C have reduced delta smelt numbers,
but A,D. and E have all played a role. The other factors (E) affecting its existence include toxic
compounds in the water, changes in its food supply. and competition from introduced species.

Destruction of habitat. The principal habitat of the delta smelt is the shallow waters of the Delta
and Suisun Bay. To provide sufficient food for these fish, the water must contain dense populations
of zooplankton. especially copepods. This means an apparently crucial habitat requirement for these \\
fish is a mixing zone located in Suisun Bay during March-June. when larval smelt are present.

When the mixing zone is in Suisun Bay, optimal conditions for delta smelt occur over a much Iarger
total area that includes extensive shoal areas than when the mixing zone is located upstream. The
river channels in the Delta are comparatively small in surface area and have few shoal areas, so
srovide lictle favorable habitat for delta smelt. Because the delta smeit is essentially an annual fish !
with relatively low fecundity, a food-rich area with extensive shallow areas immediately downstream
from its spawning areas must have been a consistent part of its environment during most of its ;
evolutionary his-ory. ;

Increasing diversion of fresh water from the estuary has altered the location of the mixing zone, as
+ - as flow patterns through the Delta during most months of the year. The shift of the mixing zore
tc river channels not only decreases the amount of suitable habitat for delta smelt but results in

decreased phytoplank:on and zooplankton production (Merbold and Moyle 1989). During the months '

when delta smelt are spawning, the changed flow patterns presumably lead to greater rates of
entrainment of both spawning adults and newly hatched larvae into water diversions. The combined
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effects of habitat constriction and fish entrainment due to increasit _ rates of diversion provide the )
most likely mechanism to explain the decline in delta smelt abunde .e. -

This problem has no doubt been exacerbated by the near-drou : conditions that have existed in ‘\
the drainage since 1987, coupled with the record high outflows th: occurred in February 1986 (which |
flushed fish out of the estuary). However, since 1984 the percent: : of inflow diverted has been 4
higher and stayed higher for longer periods of time than during an  irevious period, including the
severe 1976-1977 drought. This was true even in {986 because tI record precipitation occurred
during a very short period, after which the system returned to drc ht conditions, although outflows
through the Delta were kept high by water released from upstreat -eservoirs.

[nadequacy of existing regulatory mechanisms. The regulation o Jelta outflows, Delta water
quality, and flow patterns through the Delta is complex and under e jurisdiction of a number of
agencies (Herbold and Moyle 1989). The present regulatory syste primarily benefits water
exporters at the expense of fish and other estuarine-dependent or nisms (Nichols et al. 1986). Even
valuable sport and commercial fishes such as striped bass and chir ~ ok salmon have suffered major
declines in recent years, despite efforts to sustain them. Large nur ers of pelagic fishes, especially
larvae, are entrained in water diversions of the Federal Central Va y Project, the State Water
Project, Delta agriculture, power plants of Pacific Gas and Electric Company, and other industry.
Present rescue and mitigation efforts do not seem to compensate for the losses. This is particularly
true of delta smelt which () are frequently exposed to entrainmer  (Stevens et al. 1990), (2) are l
unlikely to survive any rescue attempts that involve handling of fist iuthors, personal observation),
and (3) have received little attention from management agenc‘ies U recently. In short, the present
mechanisms that regulate freshwater flows through the estuary dc ot adequately protect delta smelt,

Toxic compounds. Pesticides in the lower Sacramento River at  ncentrations potentially harmfulﬁ’
to fish and zooplankton have been recorded in recent years (Jung « al 1984; Foe 1989). Pesticides -
also enter the Delta from agricultural operations on Delta islands ... from the San Joaquin River,
while heavy metals and other pollutants enter from urban areas. e effects of toxic compounds on
delta smelt is unknown, but they have apparently.occurred at high _vels in fresh water before the
most recent decline of delta smelt. The concentration of delta sm * in the mixing zone may reduce
the effects of toxics, because of the dilution of contaminated frest rater by inflowing seawater.
However, the intensive agriculture practiced on Delta islands and i :he Central Valley means that
toxic agricultural chemicais always have the potential of contributii  to delta smelt decline.

Changes in food supply. Delta smelt feed primarily on copepoc 50 changes in copepod
abundance may affect smelt abundance. In 1988, the abundance o: _urytemora affinis, the principal
food of delta smelt in 1972-1974, declined precipitously. Increases " i the abundance of two exotic
copepod species have partly compensated for this decline. The in  ion of Sinocalanus doerrii
oceurred in 1978-1979 (Orsi et al. 1983), before the delta smelt d  ine. and the invasion of
Pseudodiaptomus forbesi apparently occurred around 1986, after * : decline (J. Orsi, CDFG.
Stockton personal communication). Although S. doerii is apparent | rarely eaten by smelt, P. forbesi
is now a major part of their diet. The shift in copepod species does not appear to have had a major
effect on delta smelt populations because delta smelt were able tc ift their diet to the new species.
However, P. forbesi peaks in abundance later in the year than doe . affinis, so there may now be
periods in the spring when copepods are not as avaiiable as they ¢ e were to larval smelt.

Competition from introduced species. The Sacramento-San Jo: ~"iin estuary has a long history of
invasions by introduced fishes and invertebrates (Herbold and Moy 1989}. The delta smelt seems to
have been relatively unaffected by them, including the invasion of a anktivore, the inland silverside
(Menidia beryliina) in 1975 (Meinz and Mecum 1977). The major anges in the estuary that have
taken place in the past several years have led to a new influx of inv  ers, including one species of
fish, four species of copepods, an amphipod, and a clam. The balla water introduction of the
Asiatic clam Potamocorbula amurensis occurred about 1987 and i+ ow occurs in extraordinarily high
densities in Suisun Bay (Carlton et al. 1990). The high densities ar  fltration rates of the clam may
be the cause of the extremely low densities of phytoplankton and: oplankton that have been observed
there recently. The invasion of the clam took place after the decli  of delta smelt, but the clam's



presence may make delta smelt recovery more difficult if low zooplankton densities continue.
Whether or not the clam or other recent invaders will be able to persist if freshwater outflows
increase again is not known.

Conclusion

Regardless of cause, the consistently low population of delta smelt in recent years indicates that
immediate action is needed to reduce the probability of it becoming extinct. In the past, the delta
smelt population has shown extreme fluctuations from year to year, as might be expected of an annual
species with pronounced habitat requirements in a highly disturbed system. The population is
presumably continuing tc fluctuate, but at such low numbers the fluctuations cannot be reliably
detected using the present nicthods. With such low numbers, the delta smelt population may well
fluctuate into extinction in a single y2ar (Pimm et al. 1988).

The first step is to have delta smeit ofiicially recognized as threatened or endangered at both the
state and federal levels, followed by a research program aimed at determining the ecological
requirements of delta smelt, particularly of their eariy life history stages. Reducing the effects of
water diversions and restricting ship ballast water discharges to minimize further invasions of exotic
species are crucial to preserving this species. Protection of delta smelt would likely benefit other
species with pelagic larvae whose numbers have shown severe declines in recent years, including
striped bass and longfin smelt. The monitoring program for delta smelt should be expanded.
Because the delta smelt has a one-year life cycle, the status of its populations would be a good
barometer of the health of the upper Sacramento-San Joaquin estuary.
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Report to the Fish and Game Commission:
A Status Review of the

Delta Smelt (Hypomesus transpacificus)

in californiaV

EXECUTIVE BUMMARY

This report was prepared in response to a petition received by
the Fish and Game Commission from Dr. Peter B. Moyle of the
University of California at Davis to list the Delta smelt
(Hypomesus transpacificus) as an Endangered Species under the
authority of the California Endangered Species Act (Fish and Game

Code Sections 2050 et seq.).

On August 23, 1989, pursuant to the Section 2074.2 of the
California Endangered Species Act (CESA), the Commission
determined that the petition contained sufficient information to
indicate that the petitioned action may be warranted. Pursuant
to Section 2074.6 of CESA, the Department undertook a review of
this petition. Based on the best scientific information
available on the Delta smelt, the Department has evaluated
whether, in fact, the petitioned action should be taken.

Information and comments on the petitioned action and the Delta

l/ Prepared August 1990.
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smelt were solicited from interested parties, management

agencies, and the scientific community.

This report presents the results of our review and analysis.

Findings
The Delta smelt is a small fish endemic to the Sacramento-San
Joaguin Estuary. Delta smelt are euryhaline and much of the year

are typically most abundant in the entrapment zone, where

incoming saltwater and outflowing freshwater mix. This species
feeds exclusively on zooplankton, spawns in freshwater, and

usually only lives for one year.

Information from six different data sets all indicate that the
population of Delta smelt has declined. The best measures, based
on the summer townet and fall midwater trawl surveys, indicate
that abundance of this species has been consistently low since
1983. Based on the midwater trawl survey, the average populatioﬂ}
since 1983 has been only about one-fifth of the average

population level from 1967 to 1982, and one-tenth of the peak

level in 1980.
Conclusions

Although the petitioner requested that the species be listed as

endangered, the Department finds that the Delta smelt should be

iv



listed as a threatened species, based on Section 670.1(b) of
Title 14 of the California Code of Regulations and Section 2072.3
of the Fish and Game Code. The Department’s findings are based

on the following:

1. The recent decline in the copepod, Eurytemora affinis, a
major diet component of the Delta smelt, must be considered
as a potential threat to the smelt’s recovery unless other
food resources compensate or this copepod recovers to its

former abundance.

2. Although spawning stock abundance may not have been an
important factor in Delta smelt year class success in the
past, present or future low stock levels may inhibit the
potential for population recovery. The relatively low
fecundity of this species and its planktonic larvae, which
undoubtedly incur high rates of mortality, indicate that
year class success of the Delta smelt must depend on

reproduction by fairly large numbers of fish.

3. The relationship between Delta smelt abundance and water
diversions is not clear. Delta smelt are ecologically
similar to young striped bass which have been severely
impacted by water diversions. Whether or not water

diversions are directly responsible for the Delta smelt



population decline, their drain on the population may be a

significant factor inhibiting recovery.

Although there is no direct evidence of Delta smelt
suffering direct mortality or stress from toxic substances,
such substances cannot be eliminated as having adverse

effects on the population.

\ —

There is no evidence that Delta outflow has had major -~

L At

effects on Delta smelt abundance. g

e

No research has been done to determine if the wagasaki, a

closely related species introduced into several reservoirs
in the Delta drainage, hybridizes with or competes directly

with the Delta smelt.

A number of exotic fish and invertebrate species have been
introduced into the Sacramento-San Joaquin Estuary.

Although none of these species can be directly linked to the
decline in Delta smelt, their presence may inhibit the

smelt’s recovery.

Diseases and parasites of Delta smelt have never been

studied; thus, there is no evidence concerning their role in

the population decline. Should they be important, they

vi



10.

could prevent the recovery of Delta smelt from current low

population levels.

Although competitioh and predation cannot be ruled out as
threats to Delta smelt, the available evidence suggest that
they are not a major threat. 1In fact, several potential
competitors or predators also show signs of population
erosion approximately coinciding with or preceding the

decline of Delta smelt.

The Delta smelt population trend, certain life history

attributes, and environmental threats tend to support

e

listing. The scientific information is insufficient,
however, to determine whether the population is low enough
that it is in imminent danger of extinction. This is a
complicated scientific determination, and no study which
might be implemented will provide a conclusive answer in the
next few years. Meanwhile, the population might become

extinct. The most prudent action, therefore, is to list the

Delta smelt as a threatened species.
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Recommendations

Listing:

The Commission should find that the Delta smelt is a

threatened species.

The Commission should publish notice of its intent to amend
Title 14 CCR 670.5 to add the Delta smelt (Hypomesus
transpacifi~"s) to its list of Threatened and Endangered

Species.

Management and recovery objectives:

Improve species identification and fish handling procedures
at the existing State and Federal Water Project diversions
from the Delta. Such actions could reduce present

entrainment losses to these major diversions.
Modify pumping strategies at the State and Federal Water
project diversions to reduce entrainment losses during

periods when delta smelt are most abundant.

Increase spring and summer delta outflows to maintain the

entrapment zone and major delta smelt nursery in the Suisun

viii



Bay region where food supplies are greater that in the Delta

and exposure to diversions is minimal.

Support regulations restricting ship ballast water
discharges to eliminate or minimize new introductions of
potentially harmful exotic species. S 2244 and HR 4214
currently being considered by the U.S. Congress would create

such regulations.

Evaluate losses to agricultural diversions in the Delta.
Screening these diversions probably would reduce entrainment

and losses to local crop irrigation.

Remove water project diversions from the Delta. Moving the
diversion intakes to the Sacramento River upstream from the
major nursery area would do this and also provide benefits

to other species which formerly made more use of the Delta.

Consider developing pond culture techniques for the purpose

of creating "refuge" populations.

Public Responses

During the tv Llve month review period, the Department contacted a

number of affected and interested parties, invited comment on the

petition and our draft status review, and requested any

ix



additional scientific information that may be available. A copy
of the Public Notice and a list of parties contacted are
contained in Appehdix A. A summary of comments on the draft
status review is in Appendix B. Scientific comments will be
addreséed as part of the regulatory proceedings should the

Commission find that the petition warrants action.
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Report to the Fish and Game Commission:

A Status Review of the

Delta Smelt (Hypomesus transpacificus)

in californiaV

INTRODUCTION

Petition History

On June 13, 1989, the Fish and Game Commission (Commission)
received a petition from Dr. Peter B. Moyle of the University of
California at Davis, requesting State listing of the Delta smelt

(Hypomesus transpacificus) as an Endangered Species. The

Department of Fish and Game (Department) reviewed the petition
and recommended to the Commission that they accept it as complete
pursuant to Sections 2072.3 and 2073.5 in the California
Endangered Species Act (Fish and Game Code Sections 2050 et seq.)
and that the petitioned action may be warranted. On August 29,
1989, the Commission accepted the Department’s recommendation and
designated the Delta smelt as a Candidate Species as provided for
in Section 2074.2 of the California Endangered Species Act

(CESA). That action initiated a twelve-month review period,

1/ Prepared August 1990



pursuant to Section 2074.6 of CESA, within which the Department
must review the best scientific information available on the
Delta smelt and provide a written report to the Commission

indicating whether the petition is warranted.

Department Review

This report contains the results of the Department’s review, and
a recommendation to the Commiésion, based on the best scientific
information available, whether or not the petitioned-action is
warranted. It also identifies the habitat that may be essential
to the continued existence of the species and suggests management
activities and other recommendations for the recovery of the

Delta smelt.

During the twelve month review period, the Department contacted
affected and interested parties, invited comment on the petition
and our draft status review, and requested any additional
scientific information that may be available, as required under
Section 2074.4, Fish and Game Code. A copy of the Public Notice
and a list of parties contacted are contained in Appendix A. A
summary of comments on the draft status review is in Appendix B.

Scientific comments will be addressed as part of the regulatory



proceedings should the Commission find that the petition warrants

action.

LIFE HISTORY

escriptio

The Delta smelt is a small, slender-bodied fish, with a typical
adult size of 55-70 mm (standard length), although some may reach
130 mm. This fish has a small, flexible mouth with a maxilla
(upper jaw bone) which does not extend past the middle of the
eye. When pressed against the body, the pectofal fins reach
less than two-thirds of the way to the pelvic fin bases. The
upper and lower jaws contain small, pointed teeth. Live Delta
smelt have a steely blue sheen on the sides and appear to be
almost translucent (Moyle 1976). Delta smelt, like other
members of the family Osmeridae, have an adipose fin.

Additional, more detailed descriptive information can be found in

Moyle (1976).

Taxonom

The confusing taxonomy of this species is described in Moyle
(1976). The Delta smelt was once thought to be a population of

the widely distributed pond smelt, Hypomesus olidus. The two



were recognized as distinct species by Hamada (1961), who rena :d
the Delta smelt H. sakhalinus and retained the name H. olidus for
pond smelt. It was later determined, however, that H. olidus
does not occur in California waters, and McAllister (1963)
redescribed the Delta smelt as H. transpacjficus, with Japanese
and California subspecies, H. t. nipponensjs and H. t.
transpacificus, respectively. Subseguent work has shown that
these two subspecies should be recognized as species, with the
Delta smelt being H. transpacificus and the Japanese fish

(wagasaki) being H. nipponensis (Moyle 1980).

Range

The delta smelt occurs only in the Sacramento-San Joaquin

Estuary.

Delta smelt feed exclusively on zooplankton. Department
biologists examined gut contents of two 8 mm and 9 mm delta smelt
larvae captured in 1988 which had eaten harpacticoid copepods,
calanoid copepods and copepod nauplii. The diet of 20-mm to
40-mm-long juveniles collected by the Department in 1974 was

comprised mainly of calanoid copepods, especially Eurytemora

affinis, which was the dominant food (Table 1). There was no

evidence of a major shift in diet as the smelt grew larger.



Table 1. Items in the diet of delta smelt collected from the townet survey
at station 519 on June 28 and July 13, 1974.

Length Total Number Cyclopidae Eurytemora Diaptomus Harpacticoid Neomysis Other
group (mm) fish w/food = = 00occe-eesees cceoooeo- copepod ~ c--c-e-- copepod
20-24 2 1 2

25-29 18 17 17 1 1 8
30-34 18 17 2 585 1 45
35-39 12 12 ¢ 220 1 34



Moyle and Herbold (MS) examined the diet of delta smelt from 15
samples collected at various times from 1972 to 1974 and for two
fall samples collected in 1988. They found copepods to be the
dominant diet item and the opossum shrimp, Neomysis mercedis, was
second. E. affinis was the primary copepod in stomachs in the
1972-1974 sample. Pseudodiaptomus forbesi, an accidentally
introduced exotic copepod which first became abundant in spring
1988, was an important diet item that year. The amphipod,
Corophium sp, and two cladocerans, Bosmina sp. and Daphnia sp.,

were also eaten.

Reproduction an _Growth

OO
Spawning occurs in freshwater at temperatures of 7-15@ (Wang\?
1986). It generally takes place from February through June,
probably mostly in the dead end sloughs (Radtke 1966) and shallow
edge-waters of the channels of the Delta (Wang 1986) and the
Sacramento River. Catches of young delta smelt, 20-30 mm in
length, during salmon seine surveys in May document the
occurrence of spawning in the Sacramento River (Table 2). Some
spawning has also been recorded in Montezuma Slough, near Suisun
Bay (Radtk 1966, Wang 1986). ~ich femal deposits from 1400 to
2900 demersal, adhesive eggs on substrates such as rock, gravel,

tree roots, and submerged vegetation (Moyle 1976; Wang 1986;

Moyle and Herbold, MS). Eggs probably hatch in 12-14 days if



Table 2.

Number of seine hauls in parentheses.

Site C/H

Isleton

Ryde

Clarksburg

Garcia Bend 0.0

Mouth American
River 0.0

Feb

0

()]

()]

2)

(2)

FL

C/H

1.3

1.0

0.0

0.0

Mar

3
2)
5
(4)

(5

FL

69

46

C/H

0.0

1.2

5.8

0.2

0.0

Apr

Qb

(4)

(4)

(4)

3

Catch per haul (C/H) and mean fork length in millimeters (FL)
of delta smelt at Sacramento River beach seine sites in 1978.

FL

7

C/H

2.0

13.3

70.7

5.7

0.2

May

QD)

¢}

3

3

(4)

FL

22

r{3

26

24

C/H

0.0

June

0

0

0)

M

FL



developmental rates are similir to those of the closely related

wagasaki (Wales 1962).

After hatching, larvae float to the surface (Moyle 1976) and many
are cafried by currents downstream to the mixing (entrapment)
zone (see "Distribution and Essential Habitat"). Growth is
rapid; juvenile smelt are 40-50 mm long by early August (Erkkila
et al. 1950, Ganssle 1966, Radtke 1966). Adult lengths are
reached by the time they are 6 to 9 months old (Moyle 1976).
Thereafter, they only grow another 3-9 mm, presumably because
most energy is being channeled into the development 6f gonads

(Erkkila et al. 1950, Radtke 1966).

Most Delta smelt die after spawning, although a few may survive
to be 2 years old. There is evidence that almost total
reproductive failure can occur in some years. Erkkila et al.
(1950), for example, collected no young-of-the-year smelt in
their second year of sampling, although their previous year’s

data suggested that large numbers should have been present.

DISTRIBUTION AND ESSENTIAL HABITAT

Delta smelt are euryhaline, and much of the year are typically

most abundant in the entrapment zone (Arthur and Ball 1979) where



incoming saltwater and outflowing freshwater mix (Tables 3, 4,
and 5). This mixing effect allows organisms which swim poorly,
such as zooplankton and larval fish; to remain in the entrapment
zone rather than being flushed out to sea. Hence, delta smelt
spend.their life from the larval period to pre-spawning adulthood
in the Delta and brackish areas downstream, particularly the
Suisun Bay region (Ganssle 1966, Radtke 1966, Moyle and Herbold
1989). Surveys by the San Francisco Bay - Outflow Study, which
has sampled fish in the Estuary from San Francisco Bay to the
western‘Delta since 1980, indicate that delta smelt thin out in
San Pablo Bay and are virtually non-existent in San Francisco Bay

(Table 3).

Summer townet and fall midwater trawl surveys (pages 17 to 23),
conducted by the Department for young striped bass (Morone
saxatilis), indicate delta smelt are most frequently caught where
specific conductance ranges from 500 to 8000 microsiemens (Tables
3, 4 and 5). These surveys also demonstrate that the
geographical distribution of delta smelt during summer and fall
is strongly influenced by delta outflow. As flows increase and
saltwater is repelled, more of the population occurs in Suisun
and San Pablo bays and less occurs in the Delta (Figures 1 and

2).



Table 3.
1980-1988.

Area

.-San francisco Bay (16)
San Pablo Bay (8)

Carquinez Strait and
Western Suisun Bay (6)

Eastern Suisun Bay (3)

Western Delta (2)

Total

Number of sempling sites in parentheses.

Jan

61

18

30

113

feb

46

24

13

Mar

15

15

145

Apr

37

10

53

May

12

Month
Jun  Jul
0 0
1 0
55 70
8 16
20 12
84 98

10

Aug

94L

37

23

154

Sep

7

Sé

55

180

San Francisco Bay - Outflow study catch of delta smelt by month and area,

Oct

S4

36

12

170

Nov

40

33

82

Dec

38

12

32

83

Total

95

608

307

252

1262



Table 4. Summer townet survey catch frequencies for delta smelt by specific conductance
(EC) ranges, 1969-1988.

EC
(microsiemens) O

No Data 9
1-499 541
500-999 105
1000- 1999 38
2000-3999 34
4000-5999 N
6000-7999 22
>8000 338
Total 1118

1/ EC was not measured prior to 1969 even though the survey

started in 1959.

1-4

170

51

31

41

30

21

96

bbl

52

13

15

15

1"

32

150

1/

Numbers of smelt per catch

17

16

10

1"

14

82

15-19

10

47

11

20-49

36

13

17

22

11

17

123

16

14

14

76

>100

14

10

10

54

Total
Samples

19
856
229
138
148
104

79

521

2094

Number
Catches
>0
10
315
124

100

114

57

183

976

Percent

wWith

smelt
52.6
36.8
54.1
72.4

77.0

70.0

35.1

46.6



Table 5. Fall midwater trawl catch frequencies for delts smelt by specific conductance
(EC) ranges, 1967-1988.

Numbers of smelt per catch

Percent

Number catch
EC Total Catches with
(microsiemens) 0 1-4 5-9 10-14 15-19 20-49 »50 Samples >0 smelt
No Data 9 0 0 0 0 0 0 9 0 0
1-499 1756 604 103 30 16 rag 4 2540 784 30.8
500-999 N 137 35 21 7 12 H) 528 217 A
1000- 1999 224 128 43 18 10 18 2 443 219 49.4
2000-3999 269 141 44 30 9 14 S 512 2463 47.4
4000-5999 2466 97 45 9 10 12 1 418 174 46.1
6000-7999 202 67 23 10 5 9 1 317 115 36.3
>8000 4547 173 24 @ 9 1" 4 &777 230 4.8
Total 7562 1347 317 127 66 103 22 9544 1982 20.7

12
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In late winter and spring, as the spawning period approaches,
adult delta smelt disperse widely into freshwater, as far
upstream in the Delta as Mossdale on the San Joaquin River
(Radtke 1966) and (as indicated by trawling and seining during
recent.chinook salmon, Oncorhynchus tshawytscha, surveys) the
mouth of the American River on the Sacramento River (Tables 2 and

6).

Delta smelt live principally in the upper portion of the water
column. During a 1963-1964 survey of delta fish populations a 10
foot by 10 foot surface trawl captured 1960 delta smelt while a
15 foot by 5 foot otter trawl only captured 461 delta smelt.
These results were obtained despite the otter trawl constituting
60 percent of this surveys effort of about 1800 tows (Radtke

1966, Turner 1966).
ABUNDANCE
Information from five Interagency Ecological Study Program

monitoring programs and one University of California program was

summarized to evaluate recent trends in delta smelt abundance:

1. the summer townet survey for young striped bass,
2. the fall midwater trawl survey for young striped bass,
3. the San Francisco Bay-Outflow Study’s monthly midwater

trawl survey,

15



Table 6.

Year

1976

1977

1978

1979

1980

1981

Catch of Delta Smelt by midwater trawl in the Sacramento River

at Clarksburg, 1976-1981. This site has not been sampled in

more recent years.

May
. Mean No.
Catch Length Tows

218 79 147

242 N/M 443

June
Mean

Length

N/M means not measured.

No.
Tows

117

15

29

16

80

N/M

82.

78

84

80

342

550

127

100

240

139

Lengths in mn.

July
Mean
Catch Length

7 84



4. the seine and midwatér £raw1 monitoring of young
chinook salmon,

5. "salvage" of fish at the State and Federal water
project fish screens in the south Delta, and

6. the University of California, Davis, Suisun Marsh fish

survey.

While these data sets all provide information on delta smelt
abundance at the time and location of sampling, each has inherent
strengths and weaknesses in dépicting the true population trend.
These strengths and weaknesses are discussed as appropriate in

the subsequent sections of this report.

Summer Townet Survey

The Department has conducted semi-monthly tow net surveys in the
Delta and Suisun Bay, from late June to early August, each year
since 1959 (except 1966) to index the abundance of young striped
bass. On each survey run, three tows are made at each of about
30 sites from San Pablo Bay upstream through most of the Delta
(Figure 3). Each survey run takes 5 days, and runs are made at
2-week intervals until the young bass average 38 mm (1.5 inches)
in length. The number of runs has varied from two to five
annually . The sampling gear and methods are described in detail
by Calhoun (1953), Chadwick (1964), Turner and Chadwick (1972)

and Stevens (1977). Catches of delta smelt are a by-product of

17



81

Bay i1s ® |\ #w
® Y

A i Chippe leland _
Mar{lmz

Fimures 1 Summer townet survey sampling sites.



this survey and records of these catches were kept in all years
except 1967 and 1968. Annual abundance indices for delta smelt
were calculated by summing, over all sample sites, the products
of: total catch in all tows at a site x water volume in acre
feet (Chadwick 1964) represented by that site. Delta smelt
abundance indices were calculated only for the first two survey
runs since runs 3,4, and 5 were not made in all years. The delta
smelt abundance index is the mean of the abundance indices for
the two runs after dividing by 1000 to scale the index for

convenience. (Appendix C)

This survey provides good coverage of the delta smelt nursery
and, in general, shouid yield an excellent index of young delta
smelt abundance during early summer. In high flow years,
however, the townet survey may undersample the population because
many young smelt are washed downstream to San Pablo Bay or

beyond.

The townet survey abundance index shows that annual production of
young delta smelt has been gquite variable since the survey began
in 1959. The peak index of 62.5 in 1978 was 78 times greater
than the lowest index of 0.8 in 1985. Abundance has been very

low every year since 1983 including, the present year, 1990

- - e e e e

(Figure 4). Similar low abundance indices occurred in several

19



ABUNDANCE INDEX

CATCH PER TOW ~

CATCH PER NAVL
® 000 0 &= e

r 1700 1 5—-1
rou WET I:N NIDWATER TAANL . .
1500
o1 . - e009
E 31300
e S 1300 )
= 31001
'y w 3000
g 900
s . S e
5 600
» < 300
400
°1 ‘u
' 200 1
® S SRR BN Ee e s e e e 300 { ey Yy
1) u ;z 64 66 60 70 T2 T %6 7 B0 82 64 B 88 PO 30 60 €2 64 64 68 70 T ¢ Y6 I8 80 02 8: 86 80 90

0" F—
10 BAY-OUTFLOW SYUDY "
’ 3t1{ CEIPPS ISLAND TRAVL
'R 2 1
. oo
» &
s
’1
B
[} ’ ry
) S s
2
2 1
3 - > < S p— e p———p——— T Ty LR maan an e ma e
S8 60 62 86 o6 6 0 T2 e Y6 Y 80 61 04 86 88 90 36 60 62 64 66 60 0 2 % %6 0 60 02 B4 86 &4 90
'L - 1200000 1
. SRINE 11000001 7ISE SALVAGE
1000000 1 (SWP}
. 900000 1
2 ‘_looow'
° § 700000 1
Z 600000
.64 / Z 300000
-6 £ 400000
. 300000
. 200000 1
.29 100000 {
04 0
. g T g T T B A T v A v v v v LY I T v T A v v T T - . + R 4 1 T T T ng
38 60 61 64 66 63 0 T M Y6 5 60 82 G¢ 05 86 90 36 60 62 64 66 66 0 T2 Y6 V6 18 60 01 64 86 &8 OC
(W}

OCB SUISUN RARSE

CATUN PER TOM
-
L _J

g p—y Sy—— 2 ye—— v v YT T v

36 40 82 64 &4 60 Y0 73 Y4 V6 V8 00 02 84 B84 B0 M

Tias

Figure 4. Trends in delta smelt as indexed by seven independent
surveys.

20



earlier yearé (1963,1965,1969), but never for consecutive years.
Thus, the townet results indicate that there has been a collapse

in the production of young delta smelt.

Fall Midwater Trawl Survey

Starting in 1967, a 12 ft X 12 ft midwater trawl has been used to
measure abundance of young-of-the-year striped bass and other
species, including delta smelt, during the fall. About 87 sites
are sampled from San Pablo Bay upstream to Rio Vista on the
Sacramento River and Stockton on the San Joaquin River (Figure 5;
Stevens 1977). Originally, the midwater trawl survey was done
monthly from August or September through the foilowing March.
However, due to extraneous variability in striped bass abundance
indices caused by pulses of high winter runoff, sampling has been
restricted since 1980 to September through December. Surveys
were not conducted in 1974 or 1979 or in November 1969 and

September and December 1976.

Delta smelt, which on average are smaller than young striped bass
during the fall, probably are at least equally wvulnerable to
capture by this survey. This survey provides reasonable coverage
of the delta smelt population and should yield reasonable

measures of the ultimate success of each year class.
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Monthly abundance indices for delta smelt were calculated by
summing, over all sampling sites, the product of: the mean catch
per 12 minute tow in 17 subareas of the Estuary x the water
volume in each subarea (Appendix D). The annual total abundance
index is the sum of the monthly indices for September through
December. Abundance indices for the surveys missing in 1969 and
1976 were estimated by interpolation or extrapolation of the

months actually sampled.

e s
o

e

Like the summer townet survey, the fall midwater trawl survey
indicates that abundance of delta smelt has been highly variable,
i and has suffered a major decline (Figure 4). The peak fall index
of 1678 occurred in 1970 and was 15 times greater than the
minimum fall index of 109 which occurred in 1985. A general
downward trend in fall abundance appears to extend back to the
peak population of 1970 interrupted by a high index in 1980. The

fall index has been consistently low since 1983 and from 1983 to

1988 was lower than in any previous year.

San Francisco Bay - Outflow Study

Midwater trawl catches of delta smelt by the Interagency
Ecological Study Program’s San Francisco Bay - Outflow Study
provide yet another set of delta smelt abundance measures. These

measures are based on catches of smelt as small as 25 mm up to
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adult size and are available from 1980 through 1988. They are
based on monthly sampling (12-minute tows) at 42 locations
extending from South San Francisco Bay to the western Delta

(Figure 6).

The Bay-oOutflow Study survey is comprehensive in that it samples
monthly throughout the year. Its main deficiency in measuring
delta smelt abundance is that it does not sample in the Delta
east of Antioch and Collinsville; thus, a portion of the delta
smelt’s geographical range is not covered. This is particularly
important in dry years when the population is concentrated in the

Delta.

Typically, the Bay-Outflow survey’s delta smelt catches peak from
August to October as the new year class grows to a size at which
they become vulnerable to capture by the sampling gear (Table 7).
Average catches remain moderate through March and then decline
into May when the bulk of the adults are spawning upstream from
the sampling area and begin to die out. A few remaining adults

and the next year class appear in the catches i1 June and July.

Bay survey catches show a striking decline in delta smelt
abundance after 1981 (Figure 4). The 1981 catch rate was about
twice that for 1980 but since 1981 there has been an irregular

but persistent decline leading to a catch rate in 1988 that was
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Table 7. San Francisco Bay - Outflow study catches of delta smelt
by month and year. —_— T

Year »Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

1980 1 4 37 2 0O 53 31 51 20 36 4 239
1981 27 46 26 19 3 23 15 39 53 19 11 26 307
1982 41 15 9 5 4 4 35 13 7 9 7 22 171
1983 30 12 41 5 1 2 1 15 29 66 14 3 219
1984 2 5 14 21 " 0 5 11 29 5 6 5 107
1985 5 1 1 0 0 1 4 2 1 1 0o 21 37
1986 1 3 14 0 0 1 1 23 21 29 9 6 108
1987 6 0 2 1 0 0 6 o -4 0 25 0 a4
1988 0 2 1 0 0 0 0 0 16 5 6 0 30

Total 113 88 145 53 12 84 98 154 180 170 82 83 1262
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only about one-tenth that for 1981. All of the catch rates since
1984 have been lower than in any previous year. The trend in
catch freguency is consistent with the trend in annual catch
rates. From 1981 through 1984, delta smelt were caught during
all monthly surveys (Table 7). During 1985 and 1986 they were
caught during 9 and 10 surveys, respectively. Delta smelt were
caught only during 6 of the 12 monthly surveys in 1987 and only

during 5 surveys 1in 1988.

Based on the Bay-Outflow Study data, the current population of
delta smelt is distinctly depressed. Part, but by no means all,
of this depression likely is due to incomplete coverage of the
delta smelt’s geographical range: four of the.five years since
1983 have been low flow years and the population has been

concentrated in the Delta.

Salmon_ Survey Trawl and Seine Catches

The Interagency Program has used midwater trawl and seine surveys
to measure annual abundance of young chinook salmon. These
surveys are currently administered by the U.S. Fish and Wildlife
Service. Delta smelt are an incidental catch in these salmon

surveys.
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The primary trawl survey has been conducted from April through
June, since 1976, at Chipps Island in upper Suisun Bay. Data
from this survey currently are available through 1987. A major
deficiency of delta smelt abundance measures from this trawl
survey is that the survey only samples at one location, thus the
indices are affected by annual differences in ¢ 1lta smelt
distribution. Nevertheless, the catches may still reflect major

changes in population status.

The seine survey generally has sampled about 23 sites at beaches
in the Delta and Sacramento River upstream to the mouth of the
American River (Figure 7). This survey is run several times each
month from January to April, May, or June. Data currently are
available from 1977 to 1989. Since the sampling is entirely in
the Delta and the Sacramento River and in late winter and spring,
catches primarily reflect numbers of delta sme t undertaking
their spawning migration, although, occasionally, young smelt

around 20-30 mm long also have been taken.

As for the other data sources, catches of delta smelt in the
salmon surveys were low during the most recent years. In the
Chipps Island trawl sury /, the catch of delta smelt fell
dramatically in 1985 (1984 year class) and remained low in 1986
and 1987 (Figure 4 and Table 8). Catches during these years were
considerably lower than in any previous year except 1977 when a

drought caused salinity encroachment and most of the delta smelt
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Table 8.

Year
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986

1987

Catch of delta smelt per tow during the chinook salmon

trawl survey in the western Delta at Chipp’s Island,

April-June,

April

2.48(101)
3.83( 77)
0.69( 65)
14.15( 52)
1.46( 43)
7.73( 67)
15.94( 73)
0.91( 86)
0.23( 95)

0.25(159)

1976-1986.

May
3.38( 76)
0.00(174)
2.28( 90)
1.18( 78)
0.49( 81)
3.69( 61)
4.07(121)
4.27(128)
1.85( 99)
0.05(298)
0.19(288)

0.21(290)

30

June
15.54(188)
0.01(227)
15.06(174)
14.02(190)
16.88(252)
16.11(124)
2.08(125)
2.85(146)
4.78(164)
0.11( 45)
0.28(149)

0.00( 43)

Number of tows in parentheses.

Mean Apr-Jun



population probably moved upstream from the sampling site. The
relatively high average catch of more than seven delta smelt per
tow in 1984 (1983 year class) also is inconsistent with the
population trend depicted by the broader based surveys and again
may reflect an anomalous smelt distribution relative to the

single sampling location.

In the seine survey, the lowest average catches of adult delta
smelt occurred in 1980 and 1984-1989 (Figure 4 and Table 9). The
reason for the low catch in 1980 (1979 year class) is unknown.
However, the persistent low catches from 1984-1989 (1983-1988
year classes) are consistent with the population decline

exhibited by the fall midwater trawl and summer townet surveys.

Salvage at SWP and CVP Fish Screens

Fish salvage operations at the State Water project (SWP) and the
U.S. Bureau of Reclamation’s Central Valley Project (CVP) fish
screens provide huge samples of fish populations in the Delta;
however, a major deficiency relative to measuring fish population
trends is that all of the sampling occurs at only one location so
the samples are affected by annual variations in the geographical
distribution of each species. The salvage is also affected by
seasonal and annual variations in water export rates, which

affect numbers of fish that are diverted and screening
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Table 9. Mean monthly catch of adult delta smelt per haul
during the chinook salmon seine survey in the
Sacramento-San Joagquin Delta, January-April 1977-1987.

Mean monthly

Year catch per haul . _hauls
1977 0.39 152
1978 0.93 105
1979 1.34 250
1980 0.10 359
1981 1.75 397
1982 0.34 352
1983 0.20 | 321
1984 0.08 291
1985 0.09 321
1986 0.10 222
1987 0.06 238
1988 0.01 233
1989 0.01 281
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efficiency. Also, at times, particularly before 1979 at the CVP,
there have been species identification and other data quality
problems. Nevertheless, considering the lengthy period of fish
salvage information, the records provide another independent,
albeit imperfect, source of information on the delta smelt

population trend.

Salvage of delta smelt has been monitored since 1968 at the SWP
fish screens‘and since 1979 at the CVP screens. Estimates of
total smelt (delta smelt and longfin smelt) salvage provide
additional information on smelt trends at the CVP back to 1973.
Salvage estimates represent numbers of fish screened from the
water that is exported from the Delta, but over-fepresent numbers
of fish that are actually saved because many of these salvaged
fish die due to the handling and trucking that is necessary to
return fish to the Delta, and to predation by larger fish at the

release sites.

Total salvage is estimated from estimates for consecutive periods
(typically 2 hours long) based on the salvage rate (fish per
minute entering the holding tanks) during each period. These
salvage rates are estimated from fish counts ranging from one
minute to the total length of the period. Sample counts are
expanded to account for the amount of water exported when counts

were not made. Because numbers of fish salvaged are affected by
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the amount of water diverted, salvage per-acre-foot diverted was

also examined.

At the SWP, delta smelt salvage estimates were ! ss than 300,000
fish in the initial two years of sampling, 1968 and 1969, but
exceeded 300,000 fish, ranging up to more than 1 million fish in
1970 and 1974 (Figqure 8). In 1977, there was a recipitous
decline to 146,000 fish from 856,000 fish the previous year.
Salvage increased to about 238,000 delta smelt in 1978; however,
since 1979, the salvage of delta smelt has been consistently low,

less than 60,000 fish, and as low as 3,600 fish in 1986.

At the CVP, the estimated salvage of delta smelt was on the order
of 45,000 fish in 1979 and 1980, when smelt species

identification began (Figure 9). 1In 1981, the estimate increased
to about 275,000 fish, but since 1982, salvage has been very low,

ranging from 2,800 to 34,000 fish.

Despite the lack of smelt species identifications, total smelt
salvage estimates suggest that, as at the SWP, CVP salvage of
delta smelt tended to be greater from 1973 to 1978 than it has
been since 1979. Except in very recent years when the delta
smelt population has been very low, the vast majority of
identified smelt have been delta smelt at both the CVP and SWP

(Table 10). All of the pre-1979 CVP estimates of total smelt
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Table 10. Percentage of smelt salvage at State and Federal
Water Project fish screens formed by delta smelt,

1968-1989.
State Water Project Central Valley Project

Year Percent delta smelt Percent delta smelt
1968 100.0

1969 99.8

1870 87.3

1971 30.0

1972 98.9

1973 100.0

1974 100.0

1975 100.0

1976 iO0.0

1977 78.6

1978 898.5

1879 78.3 54.9
1980 81.6 100.0
1881 94.8 9%9.9
1982 95.6 100.0
1983 896.5 85.0
1984 88.5 55.4
1985 41.8 80.6
1986 63.0 894.3
1987 34.7 7.4
1988 28.6 54.7
1989 16.4 25.4
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salvage varied from about 130,000 to 311,000 fish, a level

equaled subsequently only in 1981 (Figure 10).

Overall, salvage at the SWP and CVP fish screens has trended
substantially downward since 1976 (Figures 4, 8, and 9), despite
a trend of increasing water exports (Figure 11) which would lead
to increased salvage of fish if the smelt population was stable
or increasing. The one anomaly in this trend is the estimated

salvage of 275,000 delta smelt at the CVP screens in 1981.

When sampling effort is considered, by calculating nuhbers of
smelt salvaged per acre-foot of water diverted, pre-1979
abundance patterns appear to change somewhat, but, as for total
salvage, subseguent salvage per-unit-effort measures are

extremely low (except for 1981 at the CVP) (Figure 12).

Hence, the CVP/SWP salvage records are consistent with the other
data sets indicating that a major decline has occurred in the
delta smelt population; however, considering the sampling
deficiencies (all sampling in one location, seasonal and annual
variability in water export rate, and data quality control
problems) in these data bases, the midwater trawl and‘townet
surveys undoubtedly provide a better depiction of the timing and

magnitude of decline.
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Drs. Peter Moyle and Bruce Herbold and classes at the University
of California, Davis have used otter trawls to sample fish
populations in Suisun Marsh sloughs since 1979. They have
provided us with their delta smelt abﬁndance index for the Marsh
based on the number of smelt caught per tow each year. Over the
ll1-year survey, the UC Davis classes collected 465 delta smelt,
all but one of which was collected before 1984 (Figure 4). Delta
smelt were rather scarce when the survey began in 1979. Catches
improved considerably in 1980 and 1981 with the peak catch of 229
fish occurring in 1981. Subsequently, in 1982 and 1983, delta
smelt abundance declined below the 1979 level, and since 1984

they have been virtually non-existent.

Because the UC Davis sampling locations are limited
geographically and because the geographical distribution of
delta smelt varies annually, we believe that other data sources
provide a better depiction of the overall population trend.
However, the UC Davis survey is consistent with the other data
sources in exhibiting a much lower current population of delta

smelt.
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Co usjions Regardi Delta Sm bundance e

All delta smelt abundance indices have declined in recent years,
but the timing of their decline varies somewhat depending on
which measure is used. The summer townet survey and fall
midwater trawl survey provide the best geographical coverage of
the delta smelt population; thus, they provide the best basis for
evaluating population trends. Information from the other data
sources confirms the general downward trend in delta smelt
abundance and allowed additional insight into distribution

patterns not covered by the summer and fall surveys.

Based on the summer and fall surveys, the delta smelt population
has been consistently low every year since 1983. While the
population had been as low or nearly as low in some previous
years, no multiple year period of low abundance had occurred

previously during the period of record beginning in 1959.

Looking at the decline by geographical areas (Figures 13 and 14),
it is apparent that the delta smelt decline may have begun
earlier in the south and east delta than in the rest of the
Estuary. An earlier decline in these areas is consistent with
the decline suggested by the fish salvage data from the water

project diversions in the south Delta.
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Except for the years since 1981, the fall indices do not show
good agreement with the summer indices, possibly reflecting
imprecision in one or both data sets, or that before 1981
environmental factors modified year class strength substantially
between summer and fall. In either case, the delta smelt
population decline since 1983 appears to have been a direct

result of lower recruitment to the summer population.

For further insight into the nature of the decline, we examined
the percent of the townet and midwater trawl survey tows that
caught one or more delta smelt and the mean catch in those tows
(Figure 15). 1In the townet survey the frequency of tows

capturing smelt has declined as has the mean catch in those tows.

These trends indicate that the summer population has fewer and
less dense aggregations than it did previously. The frequency of
fall tows capturing delta smelt has also declined, but the mean
catch in those tows has not changed appreciably. Hence, in the
fall there now are fewer aggregations, but those present are
similar in density and/or size to those of the past. This
difference in summer and fall data may reflect an increased
tendency toward schooling behavior as the smelt grow older.

Since delta smelt abundance has declined in all areas (Figures 13

and 14), it is apparent that the decline in the number of tows
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capturing them is not due to a diminishing of the delta smelt’s
range within the Estuary. Instead, the decline is simply due to
reduced probability of capture associated with a general decline

in abundance.

To determine if the apparent decline in delta smelt abundance was
statistically significant, we used an Analysis of Variance
(ANOVA) with Tukey’s test for grouping years for which there are
no significant differences. This analysis was based on
logarithmic transformations of catch per tow in the townet and
trawl surveys. The ANOVA demonstrated significant differences
between years and the Tukey’s ranking generally separated the
recent years into a common group separate from earlier years
although there were a few exceptions such as 1959, 1963 and 1969

in the townet survey groupings (Tables 11 and 12).

Population Size

To address the question of delta smelt abundance, we multiplied,
for the fall midwater trawl survey, the ratio of delta smelt
juveniles to young striped bass by rough estimates of striped
bass population size which are available for 8 years. Using this
approach, albeit imperfect due to unknown catch vulnerabilities,
we estimate that the fall delta smelt population is now several
hundred thousand fish (Table 13). 1In the early 1970s, estimates

were on the order of 2 million fish.
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Table 11. Tukey’s studentized range test for detecting
differences in log,, mean catch per tow of delta smelt by
the townet survey. Means vith the same Tukey grouping
letter are not significantly different (p. <0.10).

Tukey Grouping Mean N Year
A 0.56 174 1961
A B 0.53 167 1976
A B C 0.48 186 1962
A B C D 0.43 176 1971
A B C D 0.43 186 1964
A B C D 0.42 135 1960
A B €C D 0.41 178 1975
A B C D 0.40 184 1978
B C D E 0.38 183 1980

B C D E 0.38 172 1974

B C D E 0.38 186 1970

B C D E 0.36 176 1982

C D E 0.35 152 1977

C D E 0.35 176 1981

C D E F 0.38 186 1965

D E F G 0.29 172 1972

D E P G H 0.27 178 1973

E F G H I 0.22 189 1979

F G H 1 0.17 134 1959

F G H 1 0.16 g1l 1986

G H 1 0.14 186 1963

H 1 0.12 151 1983

H I 0.11 182 1969

H I 0.10 161 1984

I 0.07 1S9 1988

I 0.07 17S 1987

I 0.05 164 1985
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Table 12. Tukey’s studentized range test for detecting differences
in log,, mean catch per tow of delta smelt for the midwater
trawl survey. Means with the same Tukey grouping letter
are not significantly different (p <0.10).

Tukey Grouping Mean N Year
A 0.31 326 1980
A 0.30 324 1973
A B 0.25 295 1975
B C 0.20 385 1970

B C 0.19 404 1968

cC D 0.17 390 1971

C D E 0.17 364 1972

C D E F 0.14 335 1967

C D E F 0.14 332 1981

D E F G 0.11 332 1969

D E F G 0.11 478 1977

E F G 0.10 456 1978

E F G 0.10 358 1982

F G 0.08 364 1986

F G 0.08 353 1984

F G 0.07 386 1987

G 0.05 370 1983

G 0.04 358 1985

G 0.04 369 1988
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Table 13. Estimates of Delta Smelt abundance based on the
ratio of Delta smelt abundance to young striped bass
abundance in the fall midwater trawl survey
multiplied by population estimates of young striped
bass derived from a life table analysis.

Striped Delta
Striped Delta Ratio Bass Smelt
Bass Smelt Smelt: Population Population
Year Index Index Bass (in millions) (in thousands)
1968 4109 696 .17 1.8 300
1970 8144 1677 .21 8.1 1670
1971 9069 1306 .14 11.9 2670
1972 6101 1267 .21 12.7 2630
1975 4538 698 .15 1.6 . 240
1977 844 483 .57 0.4 230
1984 6584 181 .03 11.8 350
1985 1757 109 .06 4.7 280
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We examined length-frequency data for the townet and midwater
trawl surveys for 1977, 1978 and 1980 to learn more about the
size and age structure of the population (Figures 16 and 17). 1In
both data sets, two year classes of delta smelt were evident.

The juveniles from the current year’s production form one group
in the size range of 15 mm to about 65 mm in summer and up to
about 90 mm in the fall. Second groupings of larger smelt up to
130 mm indicate that a few adults survive the rigors of spawning
and live into the following winter. However, since these larger
adults are so scarce, one-year old fish form almost the entire

spawning population each year.

FACTORS AFFECTING DELTA SMELT ABUNDANCE

What factors regulate abundance of each year class of delta
smelt? Considering that most delta smelt spawn only once, the
abundance of the previous year class and its egg production is
potentially important. We evaluated the potential role of egg
production by examining spawner-recruit relationships using the
summer townet survey data alone, a combination of the summer
townet data and the midwater trawl data, and the midwater trawl
data alone (Figure 18). 1In the best case, that for the midwater

trawl data alone, the spawning stock abundance accounted for

52



€S
PERCENT

1977 1978 1980
SURVEY 1 SURVEY 1}
SURVEY 1 MEAN~32.88mm MEAN=37.85mm
Mt AN=38.30imimn n=207 n=320 .
n=194 208 % q
KRR
) ..1:0.0.'-.00
i T 3 e o8 %6
 ——, o KR, — - on Ty .
0% on SURVEY 2 3ox SURVEY 2
Sy o MEAN=40.79mm , UEAN=42 25mm
200 ne275 200 Kk n=2205 200 n=
108 0% 00
R
ox ..‘ ."’.’ i... ...( ..‘. RSN« S, “L' —rrvv—r R
) 0%
0% SURVEY 3 0% SURVEY SURVEY 3
MEAN=40.55mm ] UEAN=37.57mm UEAN=42.99mm
208 n=259 20% n=1039 208 n=242
p on
108 .. ..¢ 0%
QDR
RERERE .
on o 0.4 9, 0,9 0, 0,3 . — on "’ , pAa i gl e s ."_'_..,,—"., g o o ps P pi o pn 5 pe
> SuRVEY 4 LENGTH (mm) LENGTH (mm)
MEAN=40.36mm
20% n=207
10m
bJS
o
%
Q!

NEMEF I PP EMEF PR VRS R
LENGTH (mm)

Figure 16. Length frequency distribution of delta smelt catches
in the 1977, 1978 and 1980 townet surveys.



VAY

PERCENT

£2 3 § 858§

i 88

1977

so%

SEPTEMBER on
MEAN=5B.72mm

n=44 0%

20%

0%

1w'—.—. Ty vy —v—v= OR

sox

OCTOBER 40t

MEAN=61.25mm  ypq
ne=4

.

MEAN=62.20mm

on
son
NOVEMBER won
ne91 0%

20%

v—-r‘rm'!‘ v e r—y -

DECEMBER
MEAN=65.65mm
n= 105

DR N o BN}

LENGIH (mm)

1978

SEPTEMLER
MEAN=56. 18mm
n=89

1<

0CTOBER

MEAN=58.92mm
n=63

ol
15
1]

NOVEMBER

MEAN=68.69mm
n=26

—~0, Q. K

-—y

DECEMBER
MEAN=67.00mm
n=29

o —r—y—y—y e

47 Ll ey ” or [ 1] 107 W 127

LENGIH (mm)

1980

SEPTEMBER
MEAN=59.2 3mm
ny87

OCTOBER
MEAN=64.95mm
n=73

NOVEMBER
MEAN=68.49mm
n=126

ODECEMBER
MEAN=70.30mm
n=147

M A A A A . "
LENGIH (mm)

Figure 17. Length frequency distribution of delta smelt catches

in the 1977,

1978 and 1980 midwater trawl surveys.



°1 a 78 R3z 067
60 1

’oq L}

wn—reC®IOM®

70
7 -
°l b 78 Rte.09%
[
60 1
76
R’ ,oq ]
€
c
R
V]
1
T o 73 81
S < °
7s 1
[ ] .72 [}
GQ'73&53 .69
0 o o o
R + 1 L 9 T T kLl v T o 1
100 300 500 700 900 1100 1300 1800 1700
18007 ¢ - RT=.236
1600 1 ©0
1400 9 72 7.1
R °
g 1200 7
€ 10001 . »
] e
? "800 1 78
7 L
. 600 N
400 1 °
zooq
o-‘ ' T T T T T v T M T T
0 200 400 600 800 1000 1200 1400 1600 1800

SPAWNERS

Figure 18. Spawner-recruit relationships for delta smelt: (a)
the townet index (spawners) and the townet index for
the following years (Recruits), (b) the midwater trawl
index (spawners) and the townet index the following
year (Recruits) and (c) the midwater trawl index
(spawners) and the midwater trawl index the following
Year (recruits).

55



about one-quarter of the variability in recruitment (abundance

ofthe next year class).

If egg production was the sole factor influencing year class
success, the delta smelt population would be stable. In reality,
abundance indices (based on fall trawl survey) have varied from
105 (1985) to 1840 (1980), a 17.5 fold difference. Also, as
described previously, until 1981, the fall and summer indices did
not show good agreement. These facts and the relatively weak
spawner-recruit relationships.strongly suggest that abundance of
a delta smelt year class largely depends on the environmental
conditions experienced by the eggs and young fish. We used
multiple regression analyses to search for environmental facéors
which may affect delta smelt abundance. Specifically, we

examined potential effects of:

1) Delta outflows - Moyle and Herbold (1989) suggest that delta
smelt year class production is favored by moderately high
flows which place the primary nursery area in the Suisun Bay
region. Outflows are known to influence abundance of
several other species in the Estuary including striped bass
(Turner and Chadwick 1972, CDFG 1987), longfin smelt

(Spirinchus thaleichthys), American shad (Alosa sapidissima)

(Stevens and Miller 1983) and bay shrimp (Crangon sp) (Bay-
Delta Project, unpublished). We included outflow and

outflow’ terms. The outflow’ term allows the regression
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2)

3)

4)

predictions to decline if smelt abundance peaks at moderate
flows and declines at higher flows.

Diversions from the spawning and nursery area - Major State

and Federal water projects, Pacific Gas and Electric Company

power plants, and other industry and local agriculture

operations divert huge amounts of water from the Delta
during the spawning and nursery period (pages 62 to 73).
Many young and adult delta smelt entrained by these
diversions are removed from the population. Recent analyses
(Stevens et al. MS) indicate that such entrainment losses
have caused a severe decline in the Sacramento-San Joaquin
Estuary’s striped bass population. We used total water
exports as measures of diversions. |

Food supply - Delta smelt feed on zooplankton, especially
copepods (pages 4 to 6). Thus, availability of these
zooplankton for young smelt potentially could affect their
growth, survival and abundance. We used copepod densities
(exclusive of nauplii and Sinocalanus doerii) to measure
food supply.

Reverse flow - Due to water project pumping in the south
delta the lower San Joaquin River frequently flows backwards

and transports small fish toward the diversions (pages 64 to

.67). Moyle and Herbold (1989) suggest that this process is

detrimental to delta sn lt. ¥ used the number of days of
net reverse flow at Jersey Point on the San Joagquin River as

our measure of reverse flow.
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5) Wa t eratu - Temperatures may affect delta smelt
abundance through effects on growth and mortality. We used
average maximum temperatures from the U.S. Geological Survey
monitoring station on the Sacramento River at Freeport to
provide a general, albeit imperfect, indication of annual
temperature conditions.

6) Wat ns cy - Water transparency may reflect general
productivity of the Estuary and/or vulnerability of delta
smelt to predation by other fishes. Delta waters have B
tended to become clearer in recent years (California Fish
and Game 1988). We used average Delta-Suisun Bay secchi
disc readings from the Bay-Delta project’s zooplankton

survey as a general indicator of water transparency.

We tested one, two and three variable models for the summer
townet survey and fall midwater trawl survey indices using all
combinations of these environmental factors (RSQUARE procedure in
SAS version 5, 1985). Both abundance indices were evaluated
against averages of the environmental factors during the March-
June spawning and early nursery period, and the fall midwater
trawl index was also evaluated against averages for the July-

October late nursery period.

Care must be taken in interpreting results of such regression
searches, as even the moderate number of input variables that we

used, may lead to some chance relationships which are spurious.
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At best, any of the regression'models should only be considered

as "suggestive" mechanisms which require further testing.

R’ values indicate that none of the models based on March-June
environment explain a satisfactory amount of variability in smelt
abundance (Appendices E and F). Of the July-October variables,
copepod abundance and water transparency dominated the best
models and themselves accounted for almost 70% of the variability
in the midwater trawl index (Appendix G). However, despite this
apparent agsociation between delta smelt abundance and July-
October copepods and water transparency, the importance of these
factors should, at best, be considered tentative. Comparisons )
between the summer townet survey and fall midwater trawl indices

suggest that since 1983, at least, delta smelt year class

strength has been set before July.

THREATS

Numerous factors potentially threaten the existence of the delta
smelt which has probably been at all-time low abundance levels
since 1983. Discussion of several of the most obvious factors

follows.
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Food Supply

Zooplankton abundance in the Estuary has been monitored by the
Department’s zooplankton monitoring survey since 1972.
Zooplankton also have been monitored in the spring since 1984 by
the striped bass egg and larva survey. These surveys demonstrate
that densities of E. affinis, the most common copepod in the
delta smelt’s diet, were relatively stable prior to 1988.

However in 1988, a major decline in E. affinis occurred over much
of the delta smelt’s range (Table 14). This decline coincided
with the accidental introduction and population explosion of the
clam, Potamocorbula amurensis, (pages 78 and 79). The most
recent years, 1988 and 1989, provide somewhat ambivalent results
regarding the impact of the decline of E. aff‘~-is on delta smelt.
In 1988, the midwater trawl index for delta smelt was at its next
to lowest level; however, in 1989, while still very low from a
historic perspective, this index rebounded to its highest level
since 1983. Nevertheless, the recent decline in this major diet
component, still must be considered as a potential threat to the
delta smelt’s recovery unless other food resources compensate or

E. affinis recovers to its former abundance.
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Table 14. Mean Density of Eurytemora affinis per m’ in the Estuary
during May and June.

: EC < 1000 us EC > 1000 us
Year Zooplankton Egg and Larva Zooplankton Egg and Larva
Survey Survey Survey Survey

1972 588 , 4301

1973 589 1884

1974 1017 4980

1975 378 1378

1976 369 1794

1977 370 2232

1978 639 4172

1979 262 2390

1980 176 1466

1981 258 1410

1982 533 3246

1983 806 2673

1984 128 64 1556 737
1985 51 50 1006 465
1986 485 82 2504 1128
1987 389 - 1437 -
1988 106 48 88 58
1989 - 22 -- 29
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Our evaluation of factors regulating delta smelt abundance failed
to show that spawning stock abundance had a major influence on
delta smelt year class success (pages 52 to 56). Nevertheless,
the relatively low fecundity of this species and their planktonic
larvae, which undoubtedly incur high rates of mortality, means
that annual reproduction must be accomplished by fairly large
numbers of fish if the population is to perpetuate itself (Moyle
and Herbold 1989). Thus, while the stock abundance may not have
been an important factor in the past, present or future low stock
levels may inhibit potential for population recovery. Pimnm et
al. (1988) show that small species with variable populations,
like delta smelt, become increasingly vulnerable to extinction as

their populations decrease.

Entrainment in Water Diversions

Delta smelt larvae are lost to entrainment in water diversions of
the CVP, SWP, and Delta agriculture, the Pacific Gas and Electric

Company (PGE) and other industry using water from the Estuary.

The PGE power plant intakes are screened, but these screens are
ineffective on larval fish. 1In 1978-1979, more than 50 million

and 16 million smelt larvae (delta smelt & longfin smelt - -
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larval smelt are difficult to identify to species and there has
not been an attempt to identify them during any of the
entrainment monitoring programs) were estimated to have been
entrained at PGE’s Pittsburg and Contra Costa power plants,
respectively (PGE 1981a, 1981b). Also, estimates of impingement
of larger delta smelt juveniles on the power plant intake screens

were 11,000 fish at Pittsburg and 6,400 fish at Contra Costa.

There is no information available on delta smelt losses in the
myriad of delta agriculture diversions which are not screened at
all. However, during sampling on 20 days from November 1980-May
1981 and September 1981-March 1982, the delta smelt was the most
numerous species entrained in the unscreened Roaring River Slough
diversion from Montezuma Slough for water distribution in the
Suisun Marsh (Pickard et al. 1982). This sampling, which
generally consisted of placing a net over 1 of 8 intake culverts

for several hours, captured 5,841 delta smelt.

Substantial entrainment losses also occur at the CVP and SWP
despite their intakes being miles from the primary spawning and
nursery areas. These losses occur due to the magnitude of the
water project diversions, their impact on Delta flow patterns,
and the tendency for young delta smelt to be transported and

dispersed by river and estuarine currents.

63



The CVP and SWP pumps are located at the southern edge of the
Delta, but pumping rates usually exceed the flow of the San
Joaquin River entering the Delta from the south; therefore, most
of the water that they export must come from the Sacramento
River. Approximately the first 3,500 cfs of flow exported from
the Sacramento River crosses the Delta through the CVP’s Delta
Cross Channel and Georgiana Slough near Walnut Grove and flows to
the pumps through natural channels upstream from the mouth of the
San Joagquin River. Young smelt that were spawned in the water
transport channels or in the Sacramento River upstream from
Walnut Grove would be particularly vulnerable to this water
management scheme. At higher export fates, water is drawn up the
San Joaquin River from its junction with the Sacramento River
(Figure 19). Such net upstream flows in the San Joagquin River
are typical in all but wet springs, and in the summer and fall of
all years. The upstream flows entrain young smelt from the

western Delta and carry them to the water project intakes.

Moyle and Herbold (1989) found that high frequencies of reverse
flows in the San Joaquin River during spring were always
associated with low abundances of delta smelt in Suisun Bay in
the fall (Figure 20) while low frequencies of reverse flows
sometimes were associated with high abundances of delta smelt.
They (MS) also point to a trend of increasing reverse flows in

the San Joagquin River, especially during the spawning months.
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Figure 19. Typical summer flow patterns in the Sacramento-San

Joaquin Delta. CVP-SWP export pumping has changed the
natural flow patterns. Reverse flows transport many
delta smelt from their nursery to the CVP-SWP
diversions in the south Delta.
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Mean Densities of fall populations of Delta smelt in
Suisun Bay vs. numbers of days of reverse flows in the
San Joaquin River during March to June. From Moyle
and Herbold (1989).
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Such, an association between reverse flows and smelt abundance is
conceptually reasonable although it may, at least partly, reflect
other correlated impacts of low river inflows or outflows. The
sometimes low abundance indices at low reverse flows and the lack
of association between reverse flows and smelt since 1983
indicate that reverse flows are not the sole mechanism driving
the delta smelt population. A plot using the total population
index is similar to that for the Suisun Bay portion, except for
1972 when delta smelt abundance was high despite 72 days of

reverse flows during March-June (Figure 21).

Even when the net flow of the lower San Joagquin River is not
reversed, net flow usually is still reversed in the southern
Delta; thus, deltawide, there is dispersal of fish associated
with the ever changing tides which maintains their exposure to
entrainment by the CVP and SWP. The reverse flow of the southern
Delta draws young fish and their food organisms out of the
spawning and nursery areas to the north and transports them to

the diversion sites.

The louver screens in front of the SWP and CVP pumps guide many
of the young fish to holding tanks and tank trucks in which they
are transported back to the western Delta and released. However,
numerous fish, particularly larvae and others too small to swim

well, pass through the screens and are lost into the agueduct
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system. Substantial numbers of the many young delta smelt that
are salvaged (pages 31 to 41) also die due to stresses received
during the handling and trucking. Others are eaten by larger
fish in the SWP’s Clifton Court Forebay and near the trash racks
at both the CVP and SWP screens. These factors have not been
evaluated for delta smelt but are known to be significant

detriments to striped bass (DFG 1987).

Delta smelt are most vulnerable to entrainment during spring and
summer as shown by the number salvaged per-acre-foot of exports
by the SWP (Figure 22). This pattern reflects the late
winter-spring spawning season and growth and mortality of young
fish. During April and May, abundance of young smelt at the SWP
and CVP diversions probably is greater than shown in Figure 22.
However, this tendency is not displayed by the salvage estimates
because the smelt are so small that they pass through the screens
and are not salvaged during the first month or two of life.

Also, smaller smelt are not readily identifiable by the

technicians responsible for sampling salvaged fish.

The intra-year salvage pattern in 1977-1978 was a notable
exception to the typical pattern. Through much of 1977, water
exports were reduced, due to a major drought, and while a delta
smelt salvage peak occurred in July, the greatest entrainment and

salvage of the 1977 year class occurred from December 1977
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through February 1978 when water éxports increased after the
drought broke (Table 15). In fact, the salvage of 134,000 delta
smelt at the SWP in January 1978 almost equaled the total for
allof 1977 (146,000 fish) and exceeds the annual totals for all

subsequent years.

What is the importance of entrainment losses with respect to the
population decline of delta smelt? This is unclear. Comparisons
of estimated population levels (Table 13) and salvage estimates
(Figures 4, 8 and 9) suggest entrainment losses potentially could
cause major reductions in delta smelt abundance. The greatest
annual salvage, and probably losses, to water project diversions
occurred from 1970 to 1976 (Figure 8). Considering that few
delta smelt live beyond 1 year, if such entrainment depleted the
population, the impact should be noticeable the following year.
Yet the population apparently did not crash until 1983, 13 years
after 1970, the initial year of record with a major salvage.
Also, looking at the salvage data alone, one might hypothesize
that the unusual entrainment of maturing adults in 1977-1978 had
critically depleted the stock, but again this hypothesis is
inconsistent with the population trend depicted by the more

comprehensive trawl and townet survey indices.

Nevertheless, ¢ lta nel ecologically similar to young

striped bass which have been severely impacted by water
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Table 15. Estimated Salvage of Delta Smelt and Water Exports at
the State Water Project diversion in the southern
delta, during 1977-1978.

Month I'-'ta Smelt Salvage xports (thou. acre
1977 Jan 6980 205
Feb 2430 ' 106
Mar 1707 97
Apr 2975 14
May 3017 68
Jun 3033 17
Jul 43489 20
Aug 6435 15
Sep 17890 9
Oct 2528 8
Nov 350 51
Dec 55101 224
1978 Jan 134089 365
Feb 53960 343
Mar 4217 108
Apr 130 35
May 3523 59
Jun 36289 201
Jul 1034 211
Aug 2658 246
Sep 244 211
Oct 60 127
Nov 473 131
Dec 900 169
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diversions (CDFG 1987, Stevens et al. MS.). Delta smelt are
vulnerable to diversions throughout their life cycle,
particularly in dry years, when they are concentrated in the
Delta from which the water is diverted. Thus, even if water
diversions were not directly responsible for the delta smelt
population decline, their drain on the population may be a

significant factor inhibiting recovery.

Toxic Substances

Dr. Moyle’s petition points out that the Estuary receives a
variety of toxic substances, including agricultural pesticides,
heavy metals, and other products of our urbanized society. The
effects of these compounds on delta smelt have never been tested,
and their effects on fishes in general are poorly understood.
Some of these substances are known to occur in the Estuary’s
fishes at levels that may inhibit their reproduction (Jung et. al
1984) or are sufficient to trigger health warnings (e.g. Mercury
in striped bass) regarding human consumption. Also, recent
bioassays by the Central Valley Regional Water Quality Control
Board (Foe 1989) suggest that water in the Sacramento River is,
at times, toxic to larvae of the fathead minnow, a standard EPA
tesf organism . However, the timing of the delta smelt decline
is not consistent with the increased, mid-to late-1970s, use of

the chemicals thought to cause mortality in these bioassays.
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Although there is no direct evidence of delta smelt suffering
direct mortality or stress from toxic substances, this factor
obviously cannot be eliminated as a potential agent adversely

affecting the delta smelt population.

Fl1---3 Out of Optimal "-2ge

Moyle and Herbold (1989) point out that the years of the major
smelt decline have been characterized by not only unusually dry
years with exceptionally low outflows (1987, 1988), but also by
unusually wet years with exceptionally high outflows (1983,

1986) . They'suggest that moderately high flows are most
beneficial in that they cause the primary delta‘smelt nursery
area, which is the mixing zone of the Estuary, where outflowing
freshwater meets incoming tidal water, to be located in Suisun
Bay. Moyle and Herbold developed a complex analysis which
suggests high productivity (as reflected in phytoplankton and
zooplankton abundance) in the mixing zone is one of the strongest
determinants of delta smelt abundance. This high productivity is
associated with the establishment of the mixing zone in the
shallow water of Suisun Bay. Thus, they suggest moderately high
outflows are important in that food becomes more available for
larval smelt than when outflows are extremely high or too low.
Higher and lower outflows place the mixing zone and nursery too
far downstream or upstream. Low outflows also are detriments in

that the delta smelt population concentrates in the Delta portion
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of the Estuary where they are most vulnerable to becoming

entrained in water diversions.

Moyle and Herbold’s thesis is logical; however, it is not
entirély supported by the abundance indices that we have
described. For example in 1972, the fall midwater trawl index
was quite high despite low outflows and a levee break on Andrus
Island drawing the mixing zone well into the Delta during June.
Also, relatively high summer townet survey indices suggest early
survival of delta smelt larvae was high during the drought of
1976 and 1977. Subsequent survival of these year classes
appeared to be low, however. Furthermore, our multiple
regression analysis (pages 56 to 59) did not indicate that delta

smelt abundance is controlled by delta outflows.

Figure 23 illustrates the best relationship (selected from R’
values after running all possible 2 consecutive monthly subsets
from February to June) between the fall midwater trawl abundance
index, delta outflow, and delta outflow’. As explained
previously, the outflow? term allows the regression predictions
to decline if smelt abundance peaks at moderate flows and

declines at high flows. Again, there is no evidence that outflow

has had major effects on delta smelt abundance.
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Notably, the recent series of véry weak year classes began in
1983 which had a record sustained period of high spring outflows.
That year, a substantial portion of the year class likely was
washed far beyond Suisun Bay and perhaps entirely out of the

Estuary.

Genetic Djilution

The closely related wagasaki, or Japanese smelt, was introduced
in 1959 by the Department of Fish and Game into six California
lakes and reservoirs: Dodge Reservoi; (Lassen County); Dwinnell
Reservoir (Siskiyou County), Freshwater Lagoon (Humboldt County),
Spaulding Reservoir (Nevada County), Sly Park Reservoir (El
Dorado County) and Big Bear Lake (San Bernardino County) (Wales
1962). They have subsequently been introduced into other
reservoirs, including Shastina Reservoir (Siskiyou County) and
Almanor Reservoir (Plumas County) (Moyle 1974, Moyle and Herbold
1989). Although the status of the introduced populations is
uncertain, the potential exists for this fish to appear anywhere
in the lower Klamath River system, the Sacramento River systenm,
and possibly other systems as well (Moyle 1974). Wagasaki were
collected from Folsom Reservoir (El Dorado County) by Department
biologists in 1989 (D.P. Lee, Associate Fishery Biologist, CDFG,

pers. comm.) .
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The wagasaki may hybridize with Delta smelt, but whether they
have is not known, nor is it known if such hybridization could
have a negative effect on the fitness of the Delta smelt. Thus,
the threat of loss of genetic integrity or the possibility that
the wagasaki could displace the Delta'smelt completely through
introgression or direct competition (Moyle and Herbold 1989)

should be considered as speculative.

Exotic Species

Since the early 1970s, several exotic species, including both
fish and invertebrates, have been accidentally introduced into
the Sacramento-San Joaguin Estuary and become firmly established.
A fish, the inland silverside (Menidia berylina), similar in size
and food requirements to delta smelt, entered the Estuary in 1975
(Meinz and Mecum 1977) after flood flows transported it to the
Delta from Clear Lake where it was intentionally, but illegally,
introduced in 1967 (Fisher 1973). The invertebrate introductions
have occurred through the discharge of organisms carried in
ballast water of ships. The exotic invertebrates have included,
since 1978, four species of zooplankton, all copepods

(Sinocale="3 doerii, Limn~*%hona sinensis, Qitl——a d " -ae, and

Pseudodiaptomus forbesi); an amphipod (Lagunogammarus sp.); and a

clam (P. amurensis). All of these invertebrates are of Asian

origin. Some of these exotic species invasions and their
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population explosions occurred before, others occurred after, but

none coincide with the delta smelt decline.

Of the exotic copepods, S. doerii (established 1978) and P.
forbesji (established 1986) have become particularly abundant. S.
doerii apparently is rarely eaten by delta smelt; however, P.
forbesj is now a major part of their diet. Laboratory
experiments (Meng and Orsi, University of California, Davis and
CDFG, respectively) have shown that larval striped bass readily
take P. forbesi, but have difficulty capturing S. doerii.
Apparently, the same is true for delta smelt. Potentially, the
establishment of P. forbesi should compensate for the substantial

decline in E. affinis which occurred during 1988 and 1989.

However, since P. forbesi’s annual cycle is such that it does not\j
become abundant until summer, it is not readily available for the
initial feeding of young smelt during the spring. Circumstantial
evidence, from field monitoring and some sketchy laboratory
experiments, suggests that filtering by the clam, P. amurensis,

may have caused the decline in E. affinis which, historically,

was available to delta smelt during their early nursery period.
While this decline in E. affinis occurred after the decline in

delta smelt, its near absence, possibly caused by the exotic, P.

amurensis, may inhibit the smelt’s recovery.
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Disease d Parasites

Diseases and paraSites of delta smelt have never been studied;
thus, there is no evidence concerning their role in the
population decline. General studies on parasites of Delta
fishes, however, have found numerous protozoans, worms
(trematodes, cestodes, nematodes, etc.) and crustaceans which
have affected at least 28 species of fish (Edwards and Nahhas
1968, Hensley and Nahhas 1975). Striped bass in the Delta are
more heavily infested with parasites than Atlantic coast striped
bass, perhaps indicating that the Delta environment méy be
degraded by toxicants or pollutants to the point that resistance
to parasites in resident fishes is weakened (CDFG 1989). Also,
widespread sightings of dead fish suggest that, in some years,
disease outbreaks have caused mass mortalities of carp (Cyprinus

carpio) and white catfish (Ictalurus catus) in California’s

Central Valley including the Delta. If disease or parasites are
important or should they become important, they certainly could
prevent the recovery of delta smelt from current population

levels.

Competi® '~ ~d Preda*‘-pn

Delta smelt evolved with native predators such as squawfish

(Ptychocheilus grandis), Sacramento perch (Archoplites
interruptus), and steelhead (Oncorhynchus mykiss); however,
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predation by these species, none of which is currently abundant
in the Estuary, is unlikely to be responsible for the relatively
recent decline observed in Delta smelt. Striped bass, which were
introduced in 1879, have been the most abundant predator (adults
and éub-adults) and competitor (young) in the portion of the
Estuary inhabited by Delta smelt, but striped bass also have
suffered a serious decline which began in the 1970s and preceded
the decline in delta smelt. Also, abundance indices for several
other potential predators or competitors did not exhibit
increases that could account for reduced delta smelt abundance
(Figure 24). 1In fact, several of those potential competitors or
predators--longfin smelt, threadfin shad and white catfish~-also
show signs of population erosion approximately coinciding with,
or, in the case of white catfish, preceding the decline of delta

smelt.

In essence, there just has not been a consistent increase in the
abundance of any potential predator or competitor that could

account for the decline of delta smelt.

Drs. Moyle and Herbold (1989) suggest that the Department’s
effort to enhance the Sacramento-San Joaquin striped bass
population through the stocking of hatchery-reared fish could
cause excessive predation on delta smelt. Striped be

highly pisciverous (eat other fish); however, comprehensive

striped bass food habit studies (Stevens 1966, Thomas 1967)

81



STRIPED BASS TIARLING JUVENILES

VI

T v v T v v T Y
74 1 00 82 8¢ 4 88 W
veas

TEREADPIB SEAD ‘I

M

uuuun
Tean

WEITE CATFISE

~

a T T T T Y

74 ” 0 82 o o e 9
Tas

23000 300
STRIPED BASS TOY JUVENILES 430
20000 00
] [y
H HE L
v 13000 v 300
4 .
: o 230
" 10000 S 200
1
F £ ase
$000 100
20
¢ —— °
% 6 T 2 84 & 0 n % 6 W 1 W
viaa
8000 14000
CAS SRAD JUVEBILES
7000 AxER: 12000
s 8008 4 10000
]
3000 v
M a 8000
0 4000 °
2 4 4000
® 3000 H
: € €000
2000
1000 000
° v ° —
“ o 7 80 821 08¢ 8 6 % “ & W N
viae :
300
1000
TELLOWP IS GOBY 00
400
. 800
s * 100
v 300 s
1 v 00
° .
. © 300
a 200 a
[4 u 400
t § 300
100 't
200
ol -— 100
v 5 — o
“ e Y 7 7N 8« o6 88 90 v v v
“ 6 N 71 7
viaa
3 70000
INLAND SILVERSIDES 0000
]
a & 50000
. s
v 3 [ )
" a 40000
: ®
a
all . jrocic)
3 c
4 € 20000
Y o
10000 g
Ve
° = : 3 e ol —
6 60 7 1 Y %% Y 80 61 8 & 8 %

veas

Figure 24. Trends in midwater trawl abundance
potential competitors or predators
These abundances have either decrea
coincident with the period of decli
except for the yellowfin goby which
more abundant. There were no trawl
and 1979.

82

L
2
~
o
-
-~
-
>
-
[
-
-
g

LOBGYIN SRELY

82 84 e 90

indices of

of delta smelt.

sed or been stable

ne in Delta smelt
generally has been
surveys in 1974



indicated that, while delta smelt were occasionally consumed,
they were not a significant prey of striped bass even in the
early 1960s when delta smelt and striped bass were both much more
abundant. Thomas (1967) notes that several potential prey
species, including delta smelt, were less abundant in the striped
bass diet than expected based on their abundance in the
environment. Factors which reduce the availability of delta
smelt and certain other species to striped bass are not

understood.

Thus, while competition and predation cannot be ruled out as
threats to delta smelt, the available evidence suggests that they

are not a major threat.

CONCLUSIONS

We have examined several measures of delta smelt abundance; all
indicate that the population has declined, although these
measures are not consistent in their depiction of the timing and
magnitude of the decline. The best measures, based on the summer
townet and fall midwater trawl surveys, indicate that delta smelt
abundance consistently has been lower since 1983 than in previous
years. Based on the midwater trawl survey, the average

population since 1983 (index of 175) has only been about one-
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fifth of the average population level (index of 861) from 1967 to
1982, and one-tenth of the peak level (index of 1840) in 1980.
Delta smelt abundance has been highly variable over the period of
record. Our evaluation of factors potentially affecting delta
smelt abundance did not point strongly to any particular cause of
this variability or the sustained population decline since 1983.
However, failure to identify factors regulating the population
does not mean the tested factors are not important. Such failure
may simply reflect sampling associated variability in our

measures of delta smelt abundance and/or the environment.

The Fish and Game Commission is guided by the State Endangered
Species Act and the guidelines promulgated under this Act in
determining whether a species may be properly listed as
endangered or threatened. Section 670.1(b) of Title 14 of the
California Code of Regulations sets forth the listing criteria.
Under this section, the Commission may list a species if it finds
that its continued existence is in serious danger, or is

threatened by any of the following factors.

° Present or threatened modification or destruction of
its habitat;

° overexploitation;

° predation;

© competition;
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° disease; or

° other natural occurrences or human-related activities.

To meet the State Endangered Species Act’s definition of

"endangered", a species must be:

(1)
(2)
(3)

(4)

a native species or subspecies;

a bird, mammal, fish, amphibian, reptile or plant;

in serious danger of becoming extinct throughout all,
or a significant portion, of its range;

affected by loss of habitat, change in habitat,

overexploitation, predation, competition, or disease

(Cal. Fish and Game Code Sec. 2062).

A "threatened" species is a species which is "likely to become an

endangered species in the foreseeable future" in the absence of

the special protection provided by the Act. (Sec. 2067). The

Fish and Game Code (Sec. 2072.3) lists additional factors

relevant to a determination that a species is threatened or

endangered:

° population trend;

° range;

° distribution;

° abundance;

° 1life history;
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° ability to survive and reprdduce;
° degree and immediacy of threat;
° existing management efforts;

° type of habitat.

Dr. Moyle'’s petition declares: "The Delta smelt fits the
definition of an endangered species as it is in danger of
extinction throughout its entire limited range. It is vulnerable
to extinction because (1) it is short-lived, (2) it has
relatively low fecundity, (3)vit is a planktivore throughout its
life cycle, and (4) it is confined to the upper Sacfamento-San
Joaguin estuary." Our analysis indicates that declarations (1)-
(4) are true. Additionally, introductions of exotic organisms
have altered the delta smelt’s food supply, and water projects
have adversely modified the delta smelt’s habitat, distribution
and probably abundance within the Estuary. While our analysis
failed to determine the specific relationships between these
threats and the smelt population, that is not crucial to
determining whether delta smelt should be listed as threatened or

endangered.

Major adverse habitat modifications include effects of changes in
the character and position of the salinity gradient and
exploitation through entrainment in diversions. Such population
threats are likely to worsen or, at best, remain stable (Table

16). Trends in abundance of other species, such as striped bass,
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Table 16. Probable Trend in Delta Smelt Population Threats.
W = worse, § = Stable

Threat ' Irend

Inadequate Food Supply S

Inadequate spawning stock S or W

Entrainment Losses W

Toxicity ?

Delta outflows ]

Genetic dilution S

Exotic introductions S (if ship ballast discharges are
controlleg), W (if ship ballast

discharges are not controlled)

Disease and parasites S or W
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also point toward a general degradation of the delta smelt’s

habitat.

Thus, the delta smelt population trend, certain life history
attributes, and environmental threats tend to support "listing".
The most relevant issue, however, is whether the population is
low enough that it is in danger of extinction. The scientific
information is insufficient to make that determination.
Unfortunately, it is a very complicated scientific determination,
and no scientific study which we might implement will provide a
conclusive answer in the next few years. Meanwhile the

population might become extinct.

The Department of Fish and Game believes that the relatively

stable, albeit low, population is not in immineg? ¢anger of
exﬁinétionf_ One factor supporting this contention is that the
population has historically rebounded quickly from levels nearly
as low as present ones. While we cannot be certain that such
rebounds will not happen again, the persistent low populations
since 1983, the nature of the delta smelt’s life history and
distribution, and increasing threats to its habitat lead us to
conclude ;natvtpe delta smelt may well "become an endangered

species in the forseeable future". Hence, based on the best

scientific information available (Section 2074.6 CESA), the
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Department believes that the most prudent action is to list the

delta smelt as a Threatened Species.

RECOMMENDATIONS
Petitioned Action
1. The Commission should find that the petitioned action that

is warranted is for the status of State Threatened.

2. The Commission should publish notice of its intent to amend
Title 14 CCR 670.5 to add the delta smelt (Hypomesus
transpacificus) to its list of Threatened and Endangered

Species.

Recovery and Management Actions

The Depértment's objective is the protection of a sufficient
number of delta smelt to insure their long-term survival in their
native habitat and range. In order to achieve recovery, the
population must be protected, monitored, and shown to be self-
sustaining. Annual monitoring and evaluation should be increased
after input from interested parties. Recovery goals and
reclassification criteria need to be established. When recovery
goals have been met, the Department will make recommendations to

the Commission regarding delisting this species.
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The following actions have potential to achieve management and

recovery objectives.

Improve species identification and fish handling procedures
at the existing State and Federal Water Project diversions
from the Delta. Such actions could reduce present

entrainment losses to these major diversions.

Modify pumping strategies at the State and Federal Water
project diversions to reduce entrainment losses during

periods when delta smelt are most abundant.

Increase spring and summer delta outflows to maintain the
entrapment zone and major delta smelt nursery in the Suisun
Bay region where food supplies are greater than in the Delta

and exposure to diversions is minimal.

Support regulations restricting ship ballast water
discharges to eliminate or minimize new introductions of
potentially harmful exotic species. S 2244 and HR 4214
currently being considered by the U.S. Congress would create

such regulations.

Evaluate losses to agricultural diversions in the Delta.
Screening these diversions probably would reduce entrainment

and losses to local crop irrigation.
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6. Remove water project diversions from the Delta. Moving the
diversion intakes to the Sacramento River upstream from the
major nursery area would do this and also provide benefits

to other species which formerly made more use of the Delta.

7. Consider developing pond culture techniques for the purpose

of creating "refuge" populations.

Alternatives to the Petititiohed Action

If the Commission should choose not to list the Delta smelt, it
is our opinion that this fish would be deprived of protection
provided through recognition and formal consultation available to
a listed species. When a species is listed as Threatened or
Endangered, a higher degree of urgency is mandated, and
protection and recovery receives more attention from the

Department and other agencies than does a non-listed species.

In the absence of listing, it still would be possible to devise a
management plan for this species. However, this Departmental
status review indicates that the future existence of this species
is already seriously threatened. Despite good intentions on the
part of the Department and the Commission, promises of management
and protection for a non-listed species do not have the weight of

law behind them, and thus seldom receive high priority in the
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eyes of other agencies. Without the benefits of listing and the
cooperation of other agencies in preservation and recovery
actions, the species could decline further until the population
is no longer viable, and is no longer able to exist in

perpetuity. Eventually, extinction could occur.

Although the petitioner has requested listing of the Delta smelt
as Endangered, the Department has made the recommendation and the
Commission has the option to list this fish as Threatened
instead. Under this option, the Delta smelt would receive the
same special consideration and protection under CESA.and the
California Environmental Quality Act (CEQA) as if it were listed
as Endangered. This Departmental status review indicates that
the continued existence of the Delta smelt is seriously
threatened throughout its range, and that this alternative is

appropriate.

PROTECTION AFFORDED BY LIBTING

If listed, the Delta smelt will receive protection from take
during development activities subject to CEQA and will be subject
to formal consultation requirements under CESA. The species will
also be eligible for the allocation of resources by government
agencies to provide protection and recovery. During the CEQA

environmental review process, listed species receive special
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consideration, and protection and mitigation measures can be
implemented as terms of project approval. Species that are not
listed do not readily receive protection. The status of listing
provides a species with recognition by lead agencies and the
publid, and significantly greater consideration is given to the
Department’s recommendations resulting from project environmental

review.

Listing this species increases the likelihood that State and
Federal land and resource management agencies will allocate funds
and personnel for protection and recovery actions that benefit
the Delta smelt. With limited funding and a grqwing list of
Threatened and Endangered species, priority has been and will
continue to be given to species that are listed. Those that are
not listed, although considered to be of concern, are rarely

given serious consideration under these circumstances.

ECONOMIC CONSIDERATIONS

The Department is not required to prepare an analysis of economic
impacts per CESA Section 2074.6. The Department is to provide a
report to the Commission "based upon the best scientific
information available to the Department, which indicates whether
the petitioned action is warranted, which includes a preliminary

identification of the habitat that may be essential to continued
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existence of the species, and which recommends management
activities and other recommendations for recovery of the

species".

94



REFERENCES

Arthur, J. F. and M. D. Ball. 1979. Factors influencing the
entrapment of suspended material in the San Francisco Bay-
Delta Estuary. In T.J. Conomos (ed.) San Francisco Bay the
urbanized estuary. Pacific Division AAAS San Francisco Ca:
143-174.

Calhoun, A.J. 1953. Distribution of striped bass fry in relation
to major water diversions. California Fish and Game 39(3):
279-299.

CDFG (California Department of Fish and Game). 1987. Factors
affecting striped bass abundance in the Sacramento-~San
Joaquin River System. Interagency Ecological Study Program
Technical Rept. 20:1-149.

-------- . 1988. Striped bass egg and larva monitoring, and
effects of flow regulation on the larval striped bass food
chain, in the Sacramento-San Joaquin Estuary. Final Report
to the State Water Resources Control Board. 120 p.

-------- . 1989. Striped bass restoration and management plan
for the Sacramento-San Joagquin estuary: Phase I. 39 p.

Chadwick, H.K. 1964. Annual abundance of young striped bass,
Roccus saxatilis, in the Sacramento-San Joaquin Delta,
California. California Fish and Game 50(2):69-99.

Edwards, S.R., and F.M. Nahhas. 1968. Some endoparasites of
fishes from the Sacramento-San Joaquin Delta, California.
Calif. Fish and Game, 54(4):247-256.

Erkkila, L.F., J.W. Moffett, O.B. Cope, B.R. Smith, and R.S.
Nelson. 1950. Sacramento-San Joaquin Delta fishery
resources: effects of Tracy pumping plant and delta cross
channel. USFWS Spec. Sci. Rept. Fish 56. 109 p.

Fisher, F. 1973. Observations on the spawning of the Mississippi
silversides, Menidia audens, Hay. California Fish and Game
59(4):315-316.

Foe, C. 1989. 1989 Rice season toxicity monitoring results.
Memorandum October 19, 1989, California Regional Water
Quality Control Board Central Valley Region:1-30 plus
appendices.

Ganssle, D. 1966. Fishes and decapods of San Pablo and Suisun
Bays, p. 64-94. 1In D.W. Kelley (ed.), Ecological studies of
the Sacramento-San Joaquin Estuary. California Fish and
Game, Fish Bull., (133) : 1-133.

95



Hamada, K. 1961. Taxonomic and ecological studies of the genus
Hypomesus of Japan. Mem. Fac. Fish. Hokkaido Univ. 9(1):1-
56.

Hensley, G.H., and F.M. Nahhas. 1975. Parasites of fishes from
the Sacramento-~San Joaquin Delta, California. Calif. Fish
and Game, 61(4):201-208.

Jung, M., J.A. Whipple, and M. Moser. 1984. Summary report o?
the Cooperative Striped Bass Study. Institute for Aquatic
Resources, Santa Cruz, California. 117 p.

McAllister, D.E. 1963. A revision of the smelt family,
Osmeridae. Bull. Natl. Mus. Canada 191. S53p

Meinz, M., and W.L. Mecum, 1977. A range extension for
Mississippi silversides in California. California Fish and
Game 63 (4) : 277-278.

Moyle, P.B. 1976. Inland Fishes of California. University of
California Press, Berkeley. 405 p.

-------- . 1980. Delta smelt. In D.S. lLee et al. (Eds.), Atlas
of North American freshwater fishes. North Carolina Mus.
Nat. Hist, Raleigh, NC: 123.

Moyle, P.B., and B. Herbold 1989. Status of the Delta smelt,
Hypomesus transpacificus. Final Report to U.S. Fish and
Wildlife Service. Department of Wildlife and Fisheries
Biology, University of California, Davis: 1-19 plus
Appendix.

-------- MS. Life History and status of delta smelt in the
Sacramento-San Joaquin Estuary, California. Dept. of
Wildlife and Fisheries Biology, University of California,
Davis: 1-20.

Moyle, P.B., J.E. Williams, and E. Wikramanayake. 1990. Fish
species of special concern of California. California Dept.
Fish and Game, Inland Fisheries Division, Rancho Cordova.
221 p.

PGE (Pacific Gas and Electric Company). 1981a. Contra Costa
Power Plant cooling water intake structures 316 (b)
demonstration. PGE, San Francisco, California.

--------- . 1981b. Pittsburg Power Plant cooling water intake
structures 316(b) demonstration. PGE, San Francisco,
California.

96



Pickard, A., A. Baracco, and R. Kano. 1982. Occurrence,
abundance, and size of fish at the Roaring River Slough
intake, Suisun Marsh, California during the 1980-81 and the
1981-82 diversion seasons. Interagency Ecological Study
Program Technical Rept. 3:1-14.

Pimm, S.L., H.L. Jones, and J. Diamond. 1988. On the risk of
extinction. American Naturalist 132:757-785.

Radtke, L.D. 1966. Distribution of smelt, juvenile sturgeon, and
starry flounder in the Sacramento-San Joaquin Delta with
observation on food of sturgeon. In J.L. Turner and D.W.
Kelley (ed.), Ecological studies of the Sacramento-San
Joagquin Delta. California Fish and Game, Fish Bull. 136:
115-129.

Stevens, D.E. 1966. Food habits of striped bass, Roccus
saxatilis, in the Sacramento-San Joaquin Delta. In J.L.
Turner and D.W. Kelley (ed.), Ecological studies of the
Sacramento-San Joaguin Delta. California Fish and Game,
Fish Bull. 136:68-96.

-------- 1977. Striped bass (Morone saxatilis) monitoring
techniques in the Sacramento-San Joaquin Estuary. In W.
Van Winkle, (ed.) Proceedings of the conference on

assessing the effects of power-plant-induced mortality on
fish populations. Pergamon Press, New York, New York:
91-109.

Stevens, D.E., and L.W. Miller 1983. Effects of river flow on
abundance of young chinook salmon, American shad, longfin
smelt, and delta smelt in the Sacramento-San Joagquin River
system. North American Journal of Fisheries Management
3:425-437.

Stevens, D.E., L.W. Miller and D.W. Kohlhorst MS. Where have
California’s striped bass gone? Unpublished manuscript
California Fish and Game, Bay-Delta Project. Stockton, CA:1-
27.

Thomas, J.L. 1967. The diet of juvenile and adult striped bass,
Roccus saxatilis, in the Sacramento-San Joaquin River
system. California Fish and Game 53 (1): 49-62.

Turner, J.L. 1966. Introduction to fisheries studies in the
Sacramento-San Joaguin Delta. In J.L. Turner and D.W.

Kelley (ed.). Ecological studies of the Sacramento-San
Joaquin Delta. California Fish and Game, Fish Bull.
136:9-14.

97



saxatilis, in relation to river flow in the Sacramento-San
Joagquin Estuary.

Transactions of the American Fisheries
Society 101:442-452.

Wales, J.H. 1962.

Introduction of pond smelt from Japan into
California.

Calif. Fish and Game 48(2):141-142.

Wang, J.C.S. 1986. Fishes of the Sacramento-San Joaquin estuary
and adjacent waters, California: A guide to the early life
histories. Interagency Ecological Study Program for the
Sacramento-San Joaguin Estuary, Tech. Rept. No. 9.

98



TABLE OF CONTENTS

TABLE OF CONTENTS . . . . ¢ ¢ ¢ ¢ ¢ o o o o o o o o o

EXECUT IVE SUmARY . . L) L L] L L] L] L . . L] * L] . . - . L]

FIindings « v ¢ ¢ ¢ ¢ o o o o o o o o o o o o o o &
CONCluSioNS. « ¢ ¢ o o ¢ o o o o o o o o o o o o o
Recommendations. . . . .+ +« ¢ « ¢ &+ o o o o o o o
PublicC ReSPONSES . . . « &« « o o o o o o o o o =

LIST OF TABLES. . . ¢ + &« o« « o o o o o o o o o s o o

LIST

OF FIGURES . . . ¢ & ¢ o o o o o o o o o o o o o

INTRODUCTION. . . . o ¢ & ¢ o o o o o o o o o o o o o s

LIFE

Petition History . . . ¢« ¢ ¢ ¢ ¢« ¢ o ¢« o o « o &
Department Review. . . ... . « ¢« « o « « o « « =

HISTORY. . . ¢« ¢ ¢ &« &« o o o o o o o o o s s o o
Description. . . . . « v ¢ ¢ ¢« ¢ i 4 4 e e e e o
TAXONOMY + &« « « + & o« o o o o o o o o o o« o o o o
RANgE. + « & v « v ¢ o o o o o o o o o o o o o o
Diet . . . ¢ ¢ ¢ i i i e e e e e e e e e e e e e
Reproduction and Growth. . . . . . . . . . .+ . .

DISTRIBUTION AND ESSENTIAL HABITAT. . . . . . . . « « &

ABUNDANCE . ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o o o o o o o o o o

Summer Townet Survey . . . « « o« o ¢ o o o o o o o
Fall Midwater Trawl Survey . . . « « « « « « & + =
San Francisco Bay-Outflow Study. . . . . . . . . .
Salmon Survey Trawl and Seine Catches. . . . . . .
Salvage at SWP and CVP Fish Screens. . . . . .

UC Davis Suisun Marsh Survey . . . . . .
Conclusions Regarding Delta Smelt Abundance Trend
Population Size. . . . . ¢« « ¢ ¢ ¢ 4 4 i e e e e
Population Age Structure . . . . . . . . .« « . . .

FACTORS AFFECTING DELTA SMELT ABUNDANCE . . . .

THREATS . . &« ¢ ¢« o ¢« ¢ ¢ o o o o o o o o o o o o o &

Food Supply. . . ¢ « ¢ ¢ ¢« v ¢ ¢ e o o o &« 4 &
Low Spawning Stock . . . ¢« ¢« ¢ ¢ ¢ ¢« 4 e e o« o .
Entrainment in Water Diversions. . . . . . . . .

Toxic Substances . . . . e e e e e e e e e e e
Flows Out of Optimal Range e e e e e e e e e e e
Genetic Dilution . . . . . . . . . . . . . . o . .
Exotic Species . . . e e e e e e e e e e e e s

Disease and Para51tes e o s s o o e o e o o o o
Competition and Predation. . . . . . . . . . .

Page
e o1
. 1ii
. WiV
. Ldiv
.viii
Lix

. .xi
.xiii
« o 1
. 1

. 2
3

. 3

. 3

4

. 4
6

. « 8
.15

. 17
.21
.23

e 27
.31
.42
.43
.48

. «D2
. 52
. +«959
.60
.62

. 62
e 73
. .74
77
.78
.80
.80



CONCLUSIONS . « & ¢ o o o o s o « o o o o o o o o o o« o o« o o« 83
RECOMMENDATIONS . . &« &« &« o « s o o « s « o o o « o o« & « « o+ .89
Petitioned Action. . . . ¢ . + ¢ ¢ ¢ ¢ ¢ . 4 4 e 4« .+ . .89
Recovery and Management Actions. . e+ s s e o o o o . .89
Alternatives to the Petitioned Actlon. e e e s e s s . . W91
PROTECTION AFFORDED BY LISTING. . « « « « o o o s o s o « « o« .92
ECONOMIC CONSIDERATIONS . . « & ¢ ¢ o o« o s o o o o o o o o o« <93
REFERENCES. . « &+ & & ¢ o s o « o o o o o o o o o o o o o « o« «95
APPENDIX A. . &« ¢« ¢ &+ ¢ o o s o o s s o o o o o o o o o« o « - A-1
Persons/Organizations receiving Delta Smelt
Petition and/or Public Notice. . . . . . . . « +« « . A-1

Newspapers which published the Delta Smelt Legal Notice A-4
Persons/Organizations receiving Delta Smelt Draft Report A-5

Public Notice . . . . . . . . . . .« . . . « « « o . A-8
Letter to persons/orgainzations rece1v1ng Draft Report A-10
Notice of Availability of Reports. . . . . . . . . . . .A-11

APPENDIX B. SUMMARY OF PUBLIC COMMENTS ON DRAFT STATUS REVIEW B-1

APPENDIX C. DELTA SMELT ABUNDANCE INDICES FOR THE TOWNET
SURVEY . . . . . 0 . . . . . . . . . . . . . . . . . . . C_ 1

APPENDIX D. WEIGHT FACTORS FOR THE MIDWATER TRAWL SURVEY. . . D-1
APPENDIX E. REGRESSION SEARCH OF POTENTIAL EFFECTS OF

MARCH-JUNE ENVIRONMENTAL VARIABLES ON SUMMER TOWNET

SURVEY ABUNDANCE INDEX . . . . . . . . ¢« ¢« + ¢« ¢ « « . « E-1
APPENDIX F. REGRESSION SEARCH OF POTENTIAL EFFECTS OF

MARCH-JUNE ENVIRONMENTAL VARIABLES ON FALL MIDWATER

TRAWL SURVEY ABUNDANCE INDEX . . . . . . « « +« « o« « « . F=1
APPENDIX G. REGRESSION SEARCH OF POTENTIAL EFFECTS OF

JULY-OCTOBER ENVIRONMENTAL VARIABLES ON FALL MIDWATER

TRAWL ABUNDANCE INDEX . . . . ¢ ¢ ¢ o« « o o « o o« » « » G-1

APPENDIX H. KEY TO VARIABLES USED IN REGRESSION SEARCHES. . . H-1

ii






ielt were solicited from interested parties, management

agencies, and the scientific community.

This report presents the results of our review and analysis.

Findings
The Delta smelt is a small fish endemic to the Sacramento-San

Joaquin Estuary. Delta smelt are euryhaline and much of the year

are typically most abundant in the entrapment zone, where

B U

incoming saltwater and outflowing freshwater mix. This species
feeds exclusively on zooplankton, spawns in freshwater, and

usually only lives for one year.

Information from six different data sets all indicate that the
population of Delta smelt has declined. The best measures, based
on the summer townet and fall midwater trawl surveys, indicate
that abundance of this species has been consistently low since
1983. Based on the midwater trawl survey, the average populatioﬂ@
since 1983 has been only about one-fifth of the average

population level from 1967 to 1982, and one-tenth of the peak

level in 1980.

Conclusions

Although the petitioner requested that the species be listed as

endangered, the Department finds that the Delta smelt should be

iv



listed as a threatened species, based on Section 670.1(b) of
Title 14 of the California Code of Regulations and Section 2072.3
of the Fish and Game Code. The Department’s findings are based

on the following:

1. The recent decline in the copepod, Eurytemora affinis, a
major diet component of the Delta smelt, must be considered
as a potential threat to the smelt’s recovery unless other
food resources compensate or this copepod recovers to its

former abundance.

2. Although spawning stock abundance may not have been an
important factor in Delta smelt year class success in the
past, present or future low stock levels may inhibit the
potential for population recovery. The relatively low
fecundity of this species and its planktonic larvae, which
undoubtedly incur high rates of mortality, indicate that
Year class success of the Delta smelt must depend on

reproduction by fairly large numbers of fish.

3. The relationship between Delta smelt abundance and water
diversions is not clear. Delta smelt are ecologically
similar to young striped bass which have been severely
impacted by water diversions. Whether or not water

diversions are directly responsible for the Delta smelt



population decline, their drain on the population may be a

significant factor inhibiting recovery.

Although there is no direct evidence of Delta smelt
suffering direct mortality or stress from toxic substances,
such substances cannot be eliminated as having adverse

effects on the population.

b

There is no evidence that Delta outflow has had major -_

effects on Delta smelt abundance. !

-

No research has been done to determine if the wagasaki, a

closely related species introduced into several reservoirs
in the Delta drainage, hybridizes with or competes directly

with the Delta smelt.

A number of exotic fish and invertebrate species have been
introduced into the Sacramento-San Joaquin Estuary.

Although none of these species can be directly linked to the
decline in Delta smelt, their presence may inhibit the

smelt’s recovery.

Diseases and parasites of Delta smelt have nev - been

studied; thus, there is no evidence concerning their role in

the population decline. Should they be important, they
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10.

could prevent the recovery of Delta smelt from current low

population levels.

Although competition and predation cannot be ruled out as
threats to Delta smelt, the available evidence suggest that

they are not a major threat. 1In fact, several potential

- competitors or predators also show signs of population

erosion approximately coinciding with or preceding the

decline of Delta smelt.

The Delta smelt population trend, certain life history

attributes, and environmental threats tend to support

e e e

listing. The scientific information is insufficient,
however, to determine whether the population is low enough
that it is in imminent danger of extinction. This is a
complicated scientific determination, and no study which
might be implemented will provide a conclusive answer in the
next few years. Meanwhile, the population might become

extinct. The most prudent action, therefore, is to list the

Delta smelt as a threatened species.
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F :omr —dationms

Listing:

1. The Commission should find that the Delta smelt is a

threatened species.

2. The Commission should publish notice of its intent to amend
Title 14 CCR 670.5 to add the Delta smelt (Hypomesus
transpacificus) to its list of Threatened and Endangered

Species.

Management and recovery objectives:

1. Improve species identification and fish handling procedures
at the existing State and Federal Water Project diversions
from the Delta. Such actions could reduce present

entrainment losses to these major diversions.
2. Modify pumping strategies at the State and Federal Water
project diversions to reduce entrainment losses during

periods when delta smelt are most abundant.

3. Increase spring and summer delta outflows to maintain the

entrapment zone and major delta smelt nursery in the Suisun
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Bay region where food supplies are greater that in the Delta

and exposure { diversions is minimal.

Support regulations restricting ship ballast water
discharges to eliminate or minimize new introductions of
potentially harmful exotic species. S 2244 and HR 4214
currently being considered by the U.S. Congress would create

such regqulations.

Evaluate losses to agricultural diversions in the Delta.
Screening these diversions probably would reduce entrainment

and losses to local crop irrigation.

Remove water project diversions from the Delta. Moving the
diversion intakes to the Sacramento River upstream from the
major nursery area would do this and also provide benefits

to other species which formerly made more use of the Delta.

Consider developing pond culture techniques for the purpose

of creating "refuge" populations.

Public Responses

During the twelve month review period, the Department contacted a

number of affected and interested parties, invited comment on the

petition and our draft status review, and regquested any
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additional scientific information that may be available. A copy
of the Public Notice and a list of parties contacted are
contained in Appendix A. A summary of comments on the draft
status review is in Appendix B. Scientific comments will be
addressed as part of the regulatory proceedings should the

Commission find that the petition warrants action.
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APPENDIX A

Section 2074.4 of the Fish and Game Code requires the Department of
Fish and game to notify affected and interested parties and landowners
and to solicit data and comments on petitions accepted by the Fish and

Game Commission.

To fulfill this requirement, the Department sent

notices and/or copies of the petition to the following persons and

organizations.
below:

Legal notices were placed in the newspapers indicated

PERSONS/ORGS. RECEIVING DELTA SMELT PETITION AND/OR PUBLIC NOTICE

US Dept. of the Army
Sacramento District

Corps of Engineers

650 Capitol Mall
Sacramento, CA 95814-4794

Raymond E. Barsch, General Manager
State Reclamation Board

1416 Ninth Street, Room 455-6
Sacramento, CA 95814

Claire T. Dedrick, Exec. Officer
State Lands Commission

1807 13th Street
Sacramento, CA 95814

Tim Egan, President
California Waterfowl Assn.
3840 Rosin Court, Suite 200
Sacramento, CA 95834

Alan Pendleton, Exec. Director

SF Bay Conservation & Development
Commission

30 Van Ness Ave., Suite 2011

San Francisco, CA 94102-6080

Monica Liquori, Exec. Director
Suisun Marsh Natural History Assn.
1171 Kellogg Street

Suisun, CA 94585

Peter Douglas, Exec. Director
California Coastal Commission
631 Howard Street

San Francisco, CA 94105

William H. Ivers, Director
Dept. of Boating and Waterways
1629 S Street

Sacramento, CA 95814

A-1

Peter Grenell, Executive Officer
State Coastal Conservancy

1330 Broadway, Suite 1100
Oakland, CA 94610

W. Don Maughan, Chairman
Water Resources Control Board
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November 27, 1989

PUBLIC NOTICE

TO WHOM IT MAY CONCERN:

Pursuant to Section 2074.4 of the California Fish and Game Code (FGC), NOTICE IS
HEREBY GIVEN that on August 29, 1989 the California Fish and Game Commission accepted
a petition fram Dr. Peter Moyle to amend the official State list of endangered ard
threatened species (Section 670.2, 670.5, Title 14, California Code of Regulations)
as follows:

Species | Proposal
Delta smelt (Hypomesus transpacificus) List as endangered

The California Endangered Species Act (FGC, Chapter 1.5, Section 2050 et seq.)
requires that the Department of Fish and Game notify affected and interested parties
that the Commission has accepted the petition for the purpose of receiving
information and caments that will aid in eveluating the petition and determining
whether or not the above proposal should be adopted by the Cammission. If the above
proposal includes adding a species to the list as endangered or threatened, the
Commission’s action has resulted in this species receiving the interim désignation of
"candidate species." The Department has 12 months to review the petition, evaluate
the available information and report back to the Camission whether the petitioned
action is warranted (FGC Section 2074.6). The Department’s recammendation must be
based on the best scientific information available to the Department. Therefore,

NOTICE IS FURTHER GIVEN that anyone with data or camments on the taxonamic status,
ecology, biology, life history, management recammendations, distribution, abundance,
threats, habitat that may be essential for the species or other factors related to
the status of the above species, is hereby reguested to provide such data or camments
to:

Natural Heritage Division

California Department of Fish and Game
1416 Ninth Street, 12th Floor
Sacramento, CA 95814

Responses received by Jamuary 17, 1990 will be included in the Department’s final
report to the Fish and Game Cammission. If the Department concludes that the
petitioned action is warranted, it will recammend that the Commission adopt the above
proposal. If the Department concludes that the petitioned action is not warranted,
it will recommend that the Cammission not adopt the proposal. (If the petitiocned
action is to list a species as endangered or threatened and the Cammission accepts
the Department’s recammendation to not adopt the proposal, the species will lose its
candidate status.) Following receipt of the Department’s report, the Cammission will
allow a 45-day public comment period prior to taking any action on the Department’s
recommerdation.
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324-8348

June 22, 19990

To Whom It May Concern:

The enclosed draft report represents the Department of Fish and
Game’s analysis and response to a petition to list the Delta Smelt
as an endangered species. The Department has determined that the
Delta Smelt meets criteria set forth in the California Endangered
Species Act of 1984 for listing as a threatened species. This
draft report is being provided to all individuals and organizations
that respended to our public notices earlier in the review process.
We are providing another opportunity for the public to comment on
this matter before the Department transmits a final report to the
rish and Game Commission for receipt at their August 3, 1990
meeting. Your comments must reach this office by July 18, 1990 to
be included in our final status report. The Commission will conduct
a hearing on the Departments recommendation and take public
testimony at their August 3|, 1990 meeting in Sacramento.

Thank you for your interest in this matter.

Sincerely,

Susan A. Cochrane, Chief
Natural Heritagae Division
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adequacy of data regarding the diet of delta smelt (SWC,

CVPWA) ,

resolution on the timing and distribution of spawning,
mechanisms of larval transport, and reproductive potential

(SWC, CVPWA),
resolution on distribution within the Estuary (SWC, CVPWA),

weak linkage between abundance and factors potentially

controlling abundance (SWC, CVPWA, DWR),

need for strongef technical foundation in support of listing

and management recommendations (SWC, CVPWA, DWR),

increased cost of water associated with screening
agricultural diversions and the question of screen
effectiveness on fish as small as delta smelt (DSBR, CCVFCA,

DWR) ,

predation by birds should be considered as a potential

mortality factor (DW),

changes in carbon-nitrogen-phosphorus ratios due to sewage

treatment may affect productivity of the food chain (DW),






viable population size. 1In this fegard, despite their technical
comments, the SWC concede that there is "ample evidence to
suggest that delta smelt are at a relatively low level of
abundance and therefore represent a species of concern" (p. 9
Attachment 1, July 18, 1990 letter from George Baumli to Susan
Cochrane), and DWR states that "it is clear that the population
has been low and relatively stable for the past several years"
(July 19, 1990 memorandum from Robert G. Potter to Susan
Cochrane). The central issue, therefore, is whether the delta
smelt is truly likely to become an endangered species in the

foreseeable future and deserving of Threatened status.

The Department disagrees with PCL and HM and agrées with the SWC,
CVPWA and DWR that based on available evidence there is a measure
of uncertainty regarding endangerment (page 88, this report). We
believe that at least three alternative conclusions about the

population’s status merit careful consideration. These are:

1. Some set of circumstances has caused the recent
consistent low abundance levels but not permanently
reduced habitat carrying capacity, so recovery may

occur spontaneously.

2. Habitat degradation has permanently reduced this

population to a low but stable level.






Those water development effects will increase unless

specific mitigative actions are taken.

The rapid changes associated with accidental introductions

of invertebrates which probably haven’t stabilized yet.

- The vulnerability of delta smelt to extinction due to their

limited distribution, and life history characteristics.

The uncertainty about factors controlling the abundance of
smelt, which leads to an inability to conclude that smelt

are unlikely to be harmed by further changes.

Each additional year of depressed populations makes it more
difficult to rationalize the situation as reflecting

temporary habitat degradation.

The SWC, CVPWA and DWR all advocate comprehensive studies as an

alternative to listing. The Department recommends that such

studies should be part of the recovery and management actions,

rather than a substitute for listing. The Department’s reasons

are:

1.

The status of this resource is much better defined by past

programs than the SWC and CVPWA believe it is.






improvement measures related to the life history of smelt. The
Department is confident that the recommended measures would
improve habitat quality in the Delta and Suisun Bay and have a

high probability of increasing smelt abundance.

Proposals to modify CVP/SWP pumping sﬁrategies to reduce
entrainment losses, and to augment Delta outflow, have drawn
specific criticism, considering the lack of strong relationships
between entrainment losses, outflow and smelt abundance found
during the analysis. While strong, long-term relationships do
not exist, the Department considers the drain of present water
diversions on the delta smelt population to be a significant
factor inhibiting their recovery and flow augmentation is worth
considering, at least as a vehicle to reduce such losses.

Greater flows would reduce these losses by transporting the smelt

population downstream away from the diversions.
In response to concerns about screening delta agricultural

diversions we have modified our draft recommendation to include

an initial evaluation phase.
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Appendix E.

Regression search of potential effects of March to June

environmental variables on the summer townet survey
abundance index for delta smelt.
to variable names.

See appendix H for Key
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Appendix F. Reg;ession search of potential effects of March to June
‘ environmental variables on the fall midwater trawl
abundance index for delta smelt. See appendix H for Key
to variable names.
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3 0.3374369) 0.13866201 1935389.90 17.478229 LAJE_OUY RIN_WT DAY_REVS
3 0.3177969%9 0.139138%7 1934338.4 17.66%48¢ Nx_J_rr mIE_CoP RJB T
3 0.34287%76 0.14573049 1919%01.8 17.285%02 LxI¥_oT2 ma_J_re mIi _we
3 0.342088982 0.1457%676 1919466.8 17.28%00¢ wIs_or2 mIF_we DAT_REVS
3 0.34714188 0.15128444¢ 1907040.2 17.134330 UE_oUr RIB_COP RIN _we
3 0.34993780 0.1569191) 1898873.2 17.03%2%9 R_3_rT Y_we e _exp
3 0.35160616 0.15708801 1893999.8 16.976136 LAJE_oUT RIE_we T _zx?
3 0.3%227786 0.157961212 1892037.7 16.9%2334¢ LI _oT2 WJE_coP RIF_we
3 9.334%2693 0.16088449 188%469.2 16.8726%1 RJIB_Zor RJEN_W¥T? DAY _REVS
b} 0.3%6688%9 0.16369%17 1879183, 16.796037 LI _oT1 WE_wr Wil _zx?
3 0.3936%379 0.21174981 1771176.2 19.406162 RIE_Cor mJE -1 RIE_EX?
3 0.43034898 0.29971367 1663402.8 164.178768 weT_our aim 072 nis_we
3 0.64276663 0.275%9664 1627714.2 13.74%822 LxIs_our LAJl_ot: e cop
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Appendix G.

environmental variables on the fall midwater trawl

abundance index for delta smelt.

to variable names.

=14 REGRESSION MODELS PFOR DEPELEDEINT VARIASBLE: m‘xn NMODERL: RODELL
SURBER IN 2-8QUALE . ADIUSTED ss8 ctr) VARIABLES 1N mODEL
NODBL 2-3QuUARS

1 0.0013075L -~.08191686 2917244.8 28.05%087 Ly_o_oT2
1 0.003033%2 ~.08004702 2912202.7 27.993321 J_o_gkxr
1 0.00351268 ~.079%0629 2910744.7 27.97¢300 LI_o_ouy
1 0.00S71686 ~.07714007 290436¢.3 237.691062 JL_ort
1 0.03138527 ~.04716396 2023%43.) 26.836649 DAY _REVYP
1 0.25866386 0.19628%88 216%490.2 18.2%18%2¢° JL_o_cop
1 0.36666982 6.31389231 1849997.9 14.1339532 Jo_wr
2 0.00416421 ~.1768968¢ 2908899.9 29.9%0232 L3_0_0T2 I_O_kXP
2 0.00612686 ~.1743773¢ 2903166.8 29.873437 J_0_ExP JL_oOPT
] 0.00641868  ~-.17423247 2902314.4 29.864316 LI _o_our J_o_gx»
] 0.01694467 ~.16179267 2871%67.4 29.463182 L3_0_oT2 JL_ore
2 0.02384620 ~.15363630 28%81407.8 29.200172 L3_o_ouT JL_or?
2 0.03911606 ~.13559011 2806803 .) 28.6182%¢ J_0O_EXP DAY_REV?
2 0.04182319  <.13274%32 2799771.9 28.326511 LI_0_oUr DAT_aEVF
2 0.04235%564  ~.13182816 27967%6.1 28.487176 JL_OFT? DAY_REIVY
2 0.04948%08  -.12333%82 2776%14.7 28.223102 L3_0_OT2 DATY_2EVP
2 0.26318064 0.12921348 2182296 .4 20.87939¢ JL_o_cor Jy_ore
2 0.26445781  0.13072287 2148%6%.7 20.0301722 JL_0o_cop 3 _O_kxp
2 0.263511810  0.13173987 2146082.7 19.997938 t3_0_oT2 JL_o_cor
2 0.26691793  0.13363030 2141379 .4 19.9236969 LI_0_oUTr LJ_o_or2
2 0.26859214  0.13560889 21136489.0 19.873167 LI_0_out JL_o_cop
b 0.31324298  0.18837807 2006061.1 18.171872 JL_0_cor DAT_REVP
2 0.36701013  ©0.25192106 1849003.8 16.122%64¢ JO_WT DAY_REVY
2 0.36713721  ©0.2%207128 1848632.6 16.117721  Jo_wr J_o_s1p
2 0.37098812  0.2%662232 1837383.8 15.970967 LJ_0_ouY¥ Jo_wr
2 0.2719988%6  0.2578129¢ 1834461.0 15.93287¢ LJ_0_0?2 Jo_wr
2 0.378263%7  0.265220%8 1816131.8 15.693707 Jo_w¥ JL_ory
2 0.6957831%  0.64047099 808636.8 3.593317 JL_0_cor Jo_wr
3 0.01861599 -.27579921 2066688.) 31.399490 LJ_0_0T2 J_O_gXP JL_Or?
3 0.02641678  -.26565619 2043898.7 31.102210 L3_0_oUr J_o_£XP JL_ore
) 0.06333182  -.24366863 2794488.8 30.457396 LI_0_oUT JL_OPTY DAY_REV?
3 0.04948922  -.23566401 2776%02.6 30.222944 LI_0_0T2 JL_OFY DAY_REVP
3 0.08124338  -.19438361 2683746.7 29.012827 LJ_0_oUT J_O_BXP DAY AKvP
3 0.08699%8¢9 -.1869%0170 26669%15 .1 28.79349Y J_O_Sx’ JL_ore DA!_li"
3 0.20105707 -.16862581 21625069.7 28.237749 LJ_0_0T2 J_O_EXP? DAT_REVP
3 0.26560361 0.04528469 2145218.7 21.9870%7 Ju_o_cor J_o_sx» JL_ore
3 0.27059762 0.05177691 2130630.9 21.796741 L3_0_0%2 JL_0O_cor 3J_o_xx»
3 0.27207674 0.05369976 2126310.) 21.740373 L3_o_our 1J_o_oTi JL ore
3 0.27409046 0.08631760 2120428.1 21.663632 L3_0_oUT JL_0_coP J_o_kx?
3 0.28798367  0.07437877 2079845.1 21.134017M7 t3_0_o%2 St_o_cop JL_ore
3 0.2953303%  0.08392946 2058388.0 20.8%4203 LI_0_OUT JL_o_coP JL_ore
3 0.3199514¢ 0.1159)687 1986465.2 19.915920 LJ_0_OUT JL_O_COP DAY_REVP
3 0.32121710 0.1175822) 1982768.2 19.867687 JL_0_COP J_O_EXP DAY_RRVY
3 0.32180560 0.11834728 1981049.1 19.845260 JL_0o_cop JL_GPT DAY_REVP
3 0.32573019  0.12)4492¢ 1969585.1 19.69569%8 LJ_0_0T2 JL_O_COP DAY_REV?
b ] 0.36717777 0.17733109 1848514.1 18.216178 JO_H J_o_:xv DA!_IIV?
3 0.3714636% 0.18290279 1835994.7 17.952843 LJ_0_ouT Jo_wt J_0_gxP
3 0.3722604% 0.18380859 1833959.4 17.926290 LJ_0_OUT JO_WT DATY_REVYP
b} 0.3723884) 0.18410498 1833291.5% 17.91760) Z.J_O_O?Z JO_"! J_O_txt
3 0.37388822 0.18605468 1826912.5 17.6604647 LI_o_oT2 Jo_wr DAY_REVP
3 0.37947638  0.19331930 1812589.1 17.647488 Jo_we J_O_EXP JL_OPY
3 0.)8020262 0.19426341 1810467.7 17.619812 Jo_W? JL OPT DAY_REVP
3 0.40937631  0.23218921 1725249.5 16.508034¢ LJ_0_oUT LJ_0_oT2 Jo_wr
3 0.40963462 0.332828%01 1724494.9 16.498190 LI 0o_oUr LJ_0_0T3 J_0_%X»
3 0.42150144  0.24795187 1689831.2 16.045989 LI_0_oUY Jo_w? JL_orT
3 0.4244693)  0.25181013 1681161.8 15.932888 LI_0_oT2 Jo_wr JL_ort
3 0.43376093  0.26388922 1654020.¢ 15.578762 L3_0_ovur LJ_o_o0T2 JL_o_cor
3 0.43547960 0.26612348 1649000.1 15.513266 13_0_our LJ_0_oT2 DAT_1EVY
3 0.69580992 0.60435290 8085586 $.592187 JL_o_cor Jo_w¥ J_o_gx?
3 0.69621217 0.60507382 $87383.6 $.577028 JL_0_COP JO_WT DAY_REVY
3 0.69679479  0.6058332) 88%681.8 $.5%4828 L3_0_0T2 JL_o_cor Jo_wr
3 0.69680044 0.60584087 805665.3 $.556609 L3"o_our JL_0_cor Jo_wr
3 0.71429318  0.62858374 834562.0 4.087903 JL_0_cor Jo_wt JL_ory
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Regression search of potential effects of July to October

See appendix H for Key



Appendix H. Key to the variables used in regression search of
environmental variables affecting delta smelt abundance.

March-June Varjables
LMJIN_OUT= Log,, Mean March-June Delta outflow.
LMJN_OT2= Log,, Mean March-June Delta outflow squared.
DAY REVS= Number of March-June days of reverse flow.
MJIN_EXP= ' Mean March-June water project exports.
MR_J_FT= Mean Maximum March-June Sacramento River Temperature at
Freeport.
MJIN_COP= Mean March-June copepod density/m’ exclusive of
Sinocalanus and nauplii.
MIN WT= Mean March-June water transparency (secchi).
July-October Variables
LJ_O_OouT= . Log,, mean July-October Delta outflow.
LJ_O_OT2= Log,, mean July-October Delta outflow squared.
DAY REVF= Number of July-October days of reverse flows.
J_O_EXP= Mean July-October water project exports.
J_OFT= Mean July-October maximum Sacramento River temperature

at Freeport.

JL_O_COP= Mean July-October copepod density/m’ exclusive
ofSinocalnus and nauplii.

JO_WT= Mean July-October water transparency (secchi).






